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Context: The mechanisms for solar wind acceleration remain speculative despite decades of re-
search. Magnetohydrodynamic (MHD) wave energy is believed to play a key role in powering the
solar wind, but characterization of the magnetic energy transport through inner coronal regions
is challenging. Data on MHD wave energy in the mid-corona (heliocentric altitude 1.4-2.5R⊙) are
sparse; the region is beyond the lower coronal range suitable for imaging in the extended ultravio-
let bands, yet far short of the distances accessible to in-situ measurements. Faraday rotation (FR)
solar radio occultation observations, which reveal the line-of-sight (LOS) integrated product of
aligned magnetic field and electron density, help characterize the coronal environment and reveal
wave-related fluctuations.
Aims: The main goals of this research program are to identify the radio signatures of MHD waves
and obtain estimates of Alfvén wave energy in the middle corona, by analysis of transcoronal
spacecraft radio transmissions.
Methods: Observations of radio transmissions were accomplished near spacecraft superior con-
junction, with the radio LOS passing at solar offset (the heliocentric distance to the LOS point
of closest solar approach) in the mid-coronal range. A combination of radio analysis techniques
based on Faraday rotation and frequency variations was developed to constrain plasma parame-
ters, yielding estimates of Alfvén wave speeds, magnetic fluctuations and MHD wave energy flux
densities.
Results: Faraday rotation fluctuations (FRF) and radio frequency fluctuations (FF) are ubiquitous
in the corona. In mid-corona, FF findings are consistent with acoustic/slow magnetosonic waves.
The FRF are not explained by density fluctuations alone and suggest a predominance of Alfvén
waves. Estimates of mid-coronal magnetic field strengths determined by FR compared favorably
with results from a 3-D MHD coronal model from the Community Coordinated Modeling Center.
Mid-coronal magnetic field strengths vary greatly, depending on the coronal structure penetrated
by the sensing radio signal. Energy flux density associated with wave-like magnetic fluctuations
implied by FRF in mid-coronal closed field regions was on the order of 50 W/m2, potentially of
significance to powering the solar wind.
Conclusion: Transcoronal radio sensing is a unique probe of the inner coronal regions that can
not only shed light on questions of basic coronal physics, but also support modeling efforts by the
broader solar and space weather research communities.
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Wave Energy in the Solar Corona
The solar corona provides a natural laboratory for the study of high-temperature
ionized gases in the plasma state. As a vast extension of the solar atmosphere, coronal plasma
is heated to over one million Kelvins and accelerated to form a solar wind of charged particles.
Coronal plasma is structured by solar magnetic fields, and flows out to produce a heliosphere that
fills our solar system. It is the complex interplay of solar surface magnetic disturbances, solar wind
evolution and interfacing planetary magnetic fields that underlie what we now call “space weather”.
Extreme geospace weather events may disrupt satellite telecommunications and terrestrial power
systems, thus posing risks to the advanced technologies of our modern age. Development of early-
warning systems and protective strategies is linked our basic understanding of coronal energy
transport.
1.1 Basic features of the corona
The corona (Latin, “crown”) appears as rays of light fanning out from the solar disk, but is
observed only when the greatly overpowering radiant flux from the solar disk is occluded, either
naturally during total solar eclipse, or by an imaging system occluding disk. The global pattern
of ray emanation varies with an approximately 11-year solar cycle. During solar quiescence (solar
minimum) the corona is associated with low sunspot activity on the Sun’s surface, and structurally
1
Figure 1.1: The solar corona imaged in white-light during solar quiescence.
Left: This contrast-enhanced white-light image of the corona was obtained during the total eclipse
of 2 July 2019 (Image provided by Professor Jay Pasachoff, with permission to display). Well-
organized lines in the polar regions are tracing open magnetic field field lines, while the side
regions show irregular presentation of streamers. The eclipsed solar disk has been filled in with an
AIA (Atmospheric Imaging Assembly) 304Å ultraviolet image from Solar Dynamics Observatory.
Right: LASCO 2 white-light image of the corona from 15 October 2016, showing a streamer
pattern typical for a state of low solar activity. The “helmet streamers” (H.S.) form over lower
coronal magnetic loop regions. The LASCO 2 occluding disk (Occ) blocks the image out to 2
R⊙ (dotted line). https://sohowww.nascom.nasa.gov/data/realtime/c2/512/; retrieved 15
October 2016.)
appears in contrast-enhanced white-light imaging as well-bundled radial lines concentrated at the
polar regions, and irregular streamer patterns out the sides (Figure 1.1).
The white-light coronograph rays are now understood to be due in part to photons scattering off
electrons (Thomson scattering) constrained by the coronal magnetic field structure (“field lines”).
This is the K-corona and of direct significance to estimation of plasma electron density. Magnetic
fields dominate the large-scale coronal structure observed in white light in much of the corona.
This interpretation is related to the low ratio of thermal pressure to magnetic pressure, called low
plasma β. Closed loop magnetic confinement of electrons produces higher density that correlates
with increased intensity of scattered light; brighter light corresponds to higher density. Open
coronal magnetic fields have lower electron density on average. Historically, the core method for
determination of coronal electron density is the analysis of polarized white light brightness in
eclipse images (Baumbach, 1938, Allen, 1947, van de Hulst, 1950, Newkirk, 1967). The K-corona
provides most of observed coronal illumination below a radial distance of about 2.5 R⊙1, but there
1radial distances are heliocentric unless otherwise noted; one solar radius, R⊙ = 696, 000 km
2
Figure 1.2: Composite image of corona obtained during the active phase of the solar cycle.
This image of the active Sun shows data obtained on 30 Sep 2013 from two space telescopes.
The corona is imaged in white-light by widefield LASCO C3 (C3) and narrow field LASCO
C2 (C2) cameras on SOHO (Solar and Heliospheric Observatory). The streamer pattern is
dispersed about the solar limb and well-grouped polar radial lines are absent. A filament
eruption (F.E.) extends far into the corona. The C2 occluding disk (Occ) reaches out to 2
R⊙. The solar disk overlay is an AIA 304/193Å ultraviolet image from SDO (Solar Dynamics
Observatory). (http://thesuntoday.wpengine.netdna-cdn.com/wp-content/uploads/2013/
09/2013_09_30_02_27_06_AIA_304__AIA_193__LASCO_C2__LASCO_C3.png; retrieved 15 Octo-
ber 2016.)
are also contributions known as the F-corona, due to light scattering from dust, and an E-corona
related to photon emissions in the lower corona.
Clues to the unique physics of the corona are demonstrated the by evolution of the structured
white-light ray pattern over the 11-year solar cycle. The sunspot counts are low near solar min-
imum and generally highest in the active solar phase. The coronal structure changes from a
relatively consolidated ray pattern in the equatorial latitudes as seen in the quiescent Sun (Figure
1.1), to the diffused and irregular ray pattern around the disk as seen in the active phase (Figure
1.2). Thus, increased sunspot counts are associated with global changes in the coronal ray pattern.
Sunspots were known to be associated with strong magnetic fields since the time of Hale (1908),
who detected magnetically-induced splitting of emission lines (Zeeman effect) at the solar surface.
Sunspots typically present in pairs of opposite polarity such that magnetic loops form over the
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solar surface. The composite of closed loops with overlying radial-like open field lines form the
streamers. Frequently the closed fields are elongated outward and narrowed to present a convergent
form with a cusp likened to archaic pointed military head gear, described as a “helmet streamer”.
See e.g. Koutchmy (2004), Vourlidas (2006), Koutchmy and Livshits (1992) for further background
on coronal streamers. Slow solar winds, reaching terminal speeds of ≈ 300-400 km s−1 develop
in the low-heliolatitude streamer regions (Woch et al., 1997, Gosling et al., 1981) during solar
quiescence, but uncertainties regarding formation regions and mechanisms of acceleration persist
(Abbo et al., 2010, 2016, Jensen et al., 2018). The streamers remain of great interest in part
because eruptive events like coronal mass ejections (CMEs) often emerge from these regions.
Zones of lower plasma density at the solar surface appear dark in space-telescope ultraviolet
imaging and are referred to as coronal holes. The holes are related to open magnetic fields and
are directly related to the fast solar winds that reach speeds of ≈ 600-800 km s−1 as measured by
spacecraft at 1 AU (Woch et al., 1997, Gosling et al., 1981, Cranmer, 2009). In solar quiescence,
the coronal holes are found preferentially at the poles, whereas in the active sun, holes exhibit a
broader distribution over the solar surface, as do the streamer belts. Active Sun global magnetic
restructuring also affects the solar winds, which are found to exhibit greater variability and more
slow-wind properties across heliolatitudes as the streamers become more broader distributed about
the corona.
The corona itself was also found to exhibit spectral lines with magnetic splitting or broadening,
ultimately shown to be due to high ionization states of iron (e.g. Fe XI at 6375 Å and Fe
XVI at 5303 Å). These identifications were firmly established by 1945 (Edlén, 1945) and imply
coronal temperatures above one million Kelvins (K). Modern space telescopes, imaging in x-ray and
extended ultraviolet (EUV) bands, have provided detailed temperature and structural information
on the chromosphere and transition regions, and the adjacent coronal base (Lites, 2000). The
chromosphere is a 2 Mm thick layer lying just above the 5800 K photosphere. Chromospheric
temperature rises to 25,000 K, at which point the thin (hundreds of km) transition region begins,
with plasma temperature rising abruptly to about one million K (Figure 1.3), and density dropping
by two orders of magnitude.
1.2 Unresolved problems in coronal energetics
Since the photospheric solar disk has a blackbody temperature of about 5800 K, only non-thermal
energy transfer could account for the rapid rise in temperature through the chromosphere and
transition region, into the corona above. While there is no intrinsic energy source beyond the
Sun’s convective zone, the mechanical energy in acoustic waves at the solar surface is sufficient to
drive the intense coronal heating process (Hansteen and Carlsson, 2009). Wave heating, nanoflares
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Figure 1.3: Solar transition region
Left: A Rapid rise in plasma temperature occurs in the upper chromosphere and thin transition
region. Further heating occurs in the coronal base, bringing the temperatures above one million
K. Representative emission line markers used in temperature-specific, narrow-band solar imaging
are given. Right: SOHO EIT 304 Å image of the Sun, providing detail of upper chromosphere
and transition region. ( http://arxiv.org/abs/0904.2684; retrieved 30 April 2016. https:
//sohowww.nascom.nasa.gov/data/realtime/eit_304/512/; retrieved 15 October 2016.)
and reconnection mechanisms may all play a role in the energy conversion (Klimchuk, 2015).
The other major coronal energetics problem involves generation of the solar winds. The origi-
nal thermal-hydrodynamic analysis offered by Parker (1958) implied a solar wind, but the model
predicted insufficient energy to bring the theoretical solar wind up to the observed speeds. Mag-
netohydrodynamic (MHD) waves in the corona remain under study as a potential source for the
necessary energy and momentum, although other mechanisms are also being investigated (Holl-
weg, 1990, Cranmer et al., 2015). MHD waves are well-established in the solar wind (Bruno
and Carbone, 2013, Belcher, 1971, Belcher and Davis, 1971). The MHD waves add a magnetic
pressure term to the energy balance that potentially provides the needed power for solar wind
acceleration. However, the mechanisms by which the magnetic energy is transferred to the solar
wind and dissipated remains unclear. Therefore, our understanding of how the solar winds are
accelerated remains limited. For the high-speed winds flowing in association with coronal holes,
the acceleration zone is within the first few solar radii above the surface Cranmer (2009), whereas
for the slow solar wind acceleration seems to occur beyond about 2.5 R⊙ and continue over many
solar radii, although the process is still poorly understood.
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1.3 MHD Waves in the solar atmosphere
Magnetohydrodynamic (MHD) waves are believed to play a role in energy transformation and
transport from the solar surface into the chromosphere-transition zone interface and out into the
corona (Song, 2017, Hollweg et al., 1982, 2010, De Moortel and Nakariakov, 2012, Hahn and Savin,
2014, Arregui, 2015). MHD waves are low-frequency propagating plasma disturbances that occur
in three main MHD modes: Alfv́en, fast- and slow-magnetosonic waves.
An Alfvén wave arises from a magnetic perturbation transverse to the ambient magnetic field.
The restoring force is only magnetic in this case, and the transverse wave propagates in either





where B0 is the background magnetic field intensity, µ0 is the permeability of free space and ρ is
plasma density. Importantly, Alfvén waves are non-compressional; there are no density fluctuations
intrinsic to the wave.






Magnetosonic (also called magnetoacoustic) waves involve restoring forces from thermal pressure
and from magnetic tension and pressure. Fast magnetosonic waves have a restoring force in which
the magnetic and density pressures are in phase, giving a speed greater than VA, while the slow
waves have magnetic and density pressures out of phase, with speed below VA. The magnetosonic
waves have a greater tendency towards damping and energy dissipation relative to Alfvén waves.
While this could provide a mechanism for energy dissipation in some parts of the corona, it also
could lead to early extinction of the energy-carrying waves, leaving no explanation for the solar
wind acceleration.
Wave-like oscillations have been described for various solar phenomena above the solar limb.
Studies using EUV imaging revealed oscillations with periods of a few minutes in active coronal
loop regions (Tomczyk et al., 2007), chromospheric spicules (localized jet eruptions) (De Pontieu
et al., 2007) and in the transition region and the base of the corona (McIntosh et al., 2011). The
results were interpreted as being consistent with Alfvén waves, and for the latter two reports, the
estimated magnetic wave energy flux was above 100 W m−2. An energy flux density of 100 Wm−2
to 300 Wm−2(Withbroe and Noyes, 1977, Hansteen and Leer, 1995) is considered the minimum
needed for acceleration of the solar wind.
The study of MHD energy transport through the corona is dependent upon knowledge of mag-
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netic structure and spatio-temporal variations across the coronal expanse. Although the nomen-
clature is not yet standardized, I designate the region below 1.4 R⊙ as the lower corona, which
extends down to the base of corona adjacent to the transition region, around 2 Mm above the
photospheric surface. The low heliolatitude middle corona (mid-corona) is defined as the mag-
netized plasma environment between 1.4-2.5 R⊙, similar to conventions and terminology used by
e.g. Badalyan (1996), Koutchmy (2004), Mancuso and Garzelli (2013). Whereas magnetic fields of
the lower corona are amenable to evaluation by extreme ultraviolet (EUV) imaging, e.g Verwichte
et al. (2009), Ofman and Wang (2008), indirect measurements remain the main option to obtain
crucial magnetic field information in the middle corona, where field structures are often complex
and in transition towards streamer organization (Figure 1.4). The outer radius of the mid-corona,
while somewhat arbitrarily set at 2.5 R⊙, coincides with the most common “source surface” of
MHD coronal models beyond which the magnetic fields are treated as radial magnetic potential.
Slow solar winds begin substantial acceleration in the extended corona, beyond 2.5 R⊙ (Sheeley
et al., 1997) and may continue accelerating for tens of solar radii into the heliosphere (Efimov
et al., 2018).
The solar mid-corona is a challenging region for study. Whereas dynamics of the lower corona is
dominated by the magnetic field, typically evaluated with soft X-ray/EUV imagers (Hinode/XRT,
PROBA2/SWAP, SDO/AIA), in the extended corona solar wind outflow dominates the dynamics
and the main method of study crosses over to white-light occulted coronagraphs (SOHO/LASCO,
STEREO/COR2) (Zhukov, 2018). The transition between these two regimes is currently not well
understood due in part to the relatively paucity of measurements available in the mid-coronal gap,
and the lack of a uniform measurement technique applicable across the adjacent regions. Efforts
are being made to extend the range of EUV imaging further out into the corona (Tadikonda et al.,
2019, Zhukov, 2018).
There are scattered reports of wave-like entities in the mid-corona. Using the SOHO/UVCS
imager, Morgan et al. (2004) demonstrated brightness oscillations with main periodicity 7-8 min-
utes in the quiet Sun observations over heliocentric altitudes 1.5-2.2R⊙. These were interpreted
as possible magnetosonic waves. Telloni et al. (2013) reported white-light observations using the
COR1 coronagraph. Oscillations 0.5-8 hrs (submHz) were found out to about 2R⊙, considered
consistent with slow magnetosonic waves. A recent radio burst study revealed MHD oscillations
of supra-Alfvénic speed in the mid-corona (e.g. Mohan et al. (2019)). Miyamoto et al. (2014)
reported on radio frequency observations that indicated the presence of compressive waves, either
acoustic or slow magnetosonic type. Their method did not include polarization observations, so
potential concurrent magnetic wave fluctuations could not be assessed. The variety of results and
interpretations by the different methods leaves considerable uncertainty as to the nature of MHD
wave processes in the mid-corona.
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Figure 1.4: Active Sun demonstrated during total solar eclipse, 2013.
SDO/AIA composite EUV image with white-light imaging of the corona. The active Sun shows
streamer formations at all heliolatitudes. The streamers form over closed magnetic fields, which
extend out into the mid-corona. The lower corona is inside the dashed ring labeled 1.4 so-
lar radii and the extended corona is beyond the dashed line marked 2.5 solar radii. Image
taken by C. Emmanouilidis and processed by M. Druckmuller. Composite by K. Teramura.
(http://kho.unis.no/Eclipse/index_sherpas.html. Image retrieved 22 Sep 2019.)
While there is little doubt that the MHD waves are present throughout all levels of the solar
atmosphere and corona (Parnell and Moortel, 2012), an integrative picture that explains the
coronal heating and links the findings from different altitudes remains elusive (Cranmer et al.,
2015). Indeed, a complex interplay of physical processes, varying in spatial location and temporal
scales, may account for the range of observed phenomena (De Moortel and Nakariakov, 2012).
Arregui (2015) notes that future observations “should concentrate on tracking the flow of energy
across different regions of the atmosphere”. The present research proposal intends to contribute
to that effort, tracking radio observational signatures of MHD wave energy transport in the mid-
corona beyond the inner coronal zone accessible to standard EUV imaging.
1.4 Remote sensing of the corona using spacecraft radio observations
Transcoronal radio observations allow remote sensing of the coronal magnetic field and electron
density properties. Radio transmissions containing a linearly polarized component will exhibit
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Figure 1.5: Schematic of transcoronal radio observations.
The spacecraft radio beam line of sight to the terrestrial radio telescope crosses the corona with
closest approach heliocentric distance known as the solar offset, SO. The effective integration path
length is S. The change in polarization position angle, ∆χ, constitutes the Faraday rotation. The
primary purpose of the observations is to indirectly assess fluctuations of electron density, δne and
magnetic field , δB, by analysis of Faraday rotation fluctuations (FRF) and frequency fluctuations
(FF). Solar wind outflow speed, VSW and correlation length, LLOS, are important parameters in
the analysis. Modified from illustration kindly provided by Professor S. Spangler, University of
Iowa. Used with permission.
Faraday rotation (FR) when propagating through a magnetized plasma. FR occurs in proportion
to the integrated product of electron number density and the component of the magnetic field
aligned with the radio ray path (section 1.4.1). The radio frequency changes in accordance with
the time-rate of change in the integrated electron density on the sensing line-of-sight (section
1.4.5). Thus, radio observations yielding concurrent FR and frequency shift data potentially allow
an analysis that can separate the effects of density changes from those of the magnetic field. If the
magnetic fluctuations components of the observed FR can be isolated from the effects of density
fluctuations, Alfvén wave energy estimates become possible.
The basic geometry and arrangement of instrumentation for the radio observations are shown
in Figure 1.5. The spacecraft near superior conjunction radio transmits a monochromatic electro-
magnetic wave through the corona towards the receiving radio telescope on Earth. This radio path
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is the line-of-sight (LOS). The point of closest solar approach on the LOS is called the proximate
point, and the heliocentric distance to this point is called the solar offset (SO). The radio wave
encounters variations of magnetic field and electron density along the LOS, causing changes in the
observed polarization position angle, ∆χ. The cumulative effects of these changes are detected at
the terrestrial radio telescope. From the observed frequency fluctuations (FF) and Faraday rota-
tion fluctuations (FRF), models are applied to obtain the inferred electron density fluctuations,
δne, and LOS-aligned magnetic field fluctuations, δB. Since the observations always involve an
LOS-integration, the effective integration length S is an important parameter in the scaling of
results. Also of importance are the correlation scale, LLOS, and the solar wind outflow speed,
VSW .
A number of interrelated issues, including magnetic field configuration, length scales, plasma
turbulence, streamer organization and slow solar wind acceleration are linked to interpretation
of FRF. Sorting through these issues has been a recurring endeavor through the course of the
research. The main topics supporting the proposed investigation of energy-carrying coronal MHD
waves are now introduced.
1.4.1 Faraday rotation
When a linearly polarized radio signal passes through the corona, the signal polarization position









neB · dS (1.3)
in SI units2, where f0 is radio transmission frequency, ne is the plasma electron density, B is the
magnetic field vector and s is the line-of-sight (LOS) path vector from the spacecraft (SC) radio
transmitter to the terrestrial (⊕) receiver system. Symbols and constants used in this work are
summarized in Appendix A. The rotation may be understood by considering the linearly polarized
wave as a sum of right circularly polarized (RCP) and left circularly polarized (LCP) components
whose phase velocities are differentially altered in the magnetized plasma. This effect arises from
asymmetric Lorentz forces created by the electromagnetic wave propagating through a plasma
with or against the direction of the background magnetic field. The polarization position angle
for the equivalent linearly polarized wave will be rotated by half the difference between RCP and
LCP phase angles (see Appendix B). Faraday rotation is the change in polarization position angle,
2Historically, solar physicists have presented calculations using centimeter-gram-second (cgs) units, e.g. Gauss
units for magnetic field intensity. In this dissertation, all calculations are given in System International (S.I., based
on meter-kilogram-second) format unless otherwise noted, to promote standardization. The S.I. unit for magnetic
field strength, given as flux density, is the Tesla (T); 1 Tesla = 10,000 Gauss.
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and directly reflects integrated changes in the electron density and magnetic field strength along
the radio ray path (Oberoi and Lonsdale, 2012).
Since the baseline solar magnetic fields and electron densities generally follow power laws on
heliocentric distance, the FR effects in the corona are potentially dominated in the region where
the LOS passes closest to the solar surface. However, the relationship between observed FR and
actual coronal properties depends upon the underlying magnetic field and density structure; for
a symmetric fields and density, cancellation of opposing LOS-aligned magnetic field components
across the LOS proximate point would result in no net FR. FR analysis must therefore take into
account coronal structure to be useful.
Transcoronal radio sensing3 has been reported previously using both natural as well as spacecraft
radio sources (Bird, 1982, Bird and Edenhofer, 1990, Bird, 2007, Kooi et al., 2014). Among the
early space probes, Pioneer and HELIOS missions recorded various in-situ measurements including
magnetic field strength and particle energies in the inner solar system (closest perihelion around 0.8
AU for Pioneer VI and 0.29 AU for HELIOS 2). The earliest reports on coronal Faraday rotation
using spacecraft exploited the linearly polarized 2.3 GHz (S-band) radio transmissions from Pioneer
VI near superior solar conjunction in November 1968 (Stelzried et al., 1970, Levy et al., 1969).
This approach was continued for the extended HELIOS 1 and 2 missions spanning 1974-1986
that resulted in several reports (Pätzold and Stelzried, 1987, Efimov et al., 1993, Andreev et al.,
1997, Chashei et al., 1999, Efimov et al., 2000, Bird, 2007, Efimov et al., 2015b) on FR for SO
range approximately 3-15R⊙. Like the Pioneer spacecraft, the HELIOS probes provided linearly
polarized S-band radio transmissions directly suitable for FR research. The modern spacecraft
to follow were fitted with circularly polarized radio transmitters, bringing into question whether
Faraday rotation measurements would be possible using these radios. Spacecraft Faraday rotation
studies resumed with Cassini spacecraft radio observations by Jensen et al. (2005), Jensen (2007),
then continued into recent times with the initial reports on FR in MESSENGER radio signals
by Jensen et al. (2013a,b). The modern spacecraft FR studies were enabled by the use of a
new method to extract polarization position angle information from circularly polarized radio
transmissions (Jensen et al., 2005, Jensen and Russell, 2007).
Most of the prior FR work explored the extended corona (SO>2.5R⊙). Since FR magnitude
is inversely related to radio frequency squared, the S-band (2.3 GHz) measurements demonstrate
a large rate of position angle rotation at low SO. This means at a low enough SO, the change
between individual measurements becomes too large to track the intrinsic nπ turnover in posi-
tion angle, leaving the cumulative rotation indeterminate. X-band radio transmissions (8.4 GHz)
overcome this problem and therefore are desirable to study the mid-corona. Jensen et al. (2013a)
3The term radio“sounding” has also been used in the literature (e.g.Yakovlev (2017), Golub and Pasachoff
(1997)), although strictly speaking, sounding would involve a round-trip path of the probing signal.
11
demonstrated the feasibility of measuring Faraday rotation inside SO 2 R⊙ using X-band transmis-
sions of the MESSENGER spacecraft. That work became the foundation for the present research
program.
1.4.2 FR Fluctuations (FRF)
MHD waves with LOS-aligned magnetic components crossing the radio signal path should produce
temporal fluctuations in FR. Demonstration of such FRF is the starting point for investigation
of possible coronal MHD waves. Efimov et al. (2015b) recently presented their long term results
from study of extensive HELIOS-1 and HELIOS-2 Faraday rotation data spanning 1975-1984.
Their analysis covered primarily the LOS solar offset range from 3-14 R⊙. They point out that
Faraday rotation fluctuations (FRF) involve different time scales corresponding to different un-
derlying physical processes. The slowest variations (hours) are based on the motion of the radio
path through spatially varying magneto-ionic structure, as well as evolution of the large-scale
coronal structure. Oscillations attributed to a broad spectrum of Alfvén waves show a power-law
relationship in the FRF power spectrum in the milliHz (mHz) range. Upon the background wave
spectrum quasi-periodic variations may appear intermittently, for example those with periods of
about 5 minutes (Chashei et al., 1999, Efimov et al., 2000). Here we may add an additional sort
of FR variation as noted by Bird (2007) - infrequent random, relatively sharp transients in FR
angle which may arise from solar outbursts such as coronal mass ejection (CME) events.
Initial reports from the MESSENGER spacecraft Faraday rotation 2009 observations (Jensen
et al., 2013a,b) concentrated on the very low-frequency FR patterns and large-scale coronal struc-
ture during a solar minimum. A 0.6 mHz FRF peak was observed in the power spectrum. Refined
analysis of these data for LOS solar elongations of 1.6-1.9 R⊙ is part of the present research effort,
which resulted in the publication given in Chapter 2. While the presence of fluctuations in the
solar mid-corona is unequivocal, their possible physical nature as Alfvén waves requires further
study since magnetosonic and transverse Alfvén waves cannot be distinguished by FR analysis
alone. Radio frequency fluctuation (FF) analysis, developed in the publication given in Chapter
3, quantifies the density fluctuations and potentially helps clarify the dominant wave type (Chap-
ter 5). It should be noted that the presence of fluctuations alone does not prove propagating
waves, since the LOS moving through coronal structural (density and magnetic field) variations
could also produce the observed FRF (Mancuso and Spangler, 2000).
1.4.3 Propagation of MHD waves in the corona
Dual-station simultaneous observations allow cross-correlation analysis that provides evidence of
waves propagating across the LOS. The two-station studies with HELIOS (Samoznaev et al., 2000,
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Bird, 2007, Efimov et al., 2015a) over solar offsets 3-6 R⊙ demonstrated FRF patterns propagating
across the LOS with outflow speeds ranging 250-650 km s−1. These speeds, being well above the
local solar wind speed, support the notion of Alfvén (or other fast MHD wave mode) mechanism
to explain FRF. Also of note, in a minority of cases the wave velocities were negative, that is,
directed towards the Sun. It is possible then that some waves are reflected in the corona, or
generated there with potentially bidirectional propagation. Chashei et al. (1999) speculated that
some observed FR waves were consistent with photospheric mechanical (sound) waves converting
into MHD waves in the transition region and lower corona, followed by a damping out of most
magnetosonic components to allow passage of the Alfvén waves.
Dr. Anatoli Efimov kindly provided me with sample 2-station data from the 1983 HELIOS ob-
servations to confirm the wave propagation nature of the FRF. Radio observations at the Canberra
station had similar form to those taken at the Goldstone observing station. A sample segment is
shown in Figure 1.6. Cross-correlation revealed a lag of 8 seconds in the Goldsdtone time-series.
With the LOS separation between stations of about 2000 km (Efimov et al., 2015a), the inferred
outflow wave speed is 250 km/s at SO 3.9R⊙. Since this is well above the spacecraft trajectory
speed of ∼ 40 km/s and the solar wind outflow speed of about 100 km/s (Sheeley et al., 1997),
the calculated speed is taken to be that of Alfvén waves moving outwards from the Sun.
The modern spacecraft data collected for the present investigation consist only of single-station
observations. The FRF analyses will therefore not be able to show direct evidence of wave prop-
agation. Where appropriate, the data will be interpreted in the context of presumed MHD wave
behavior. That requires good estimates of background magnetic field strength and electron num-
ber density. Therefore, the research program includes considerable attention to obtaining the
best possible estimates for coronal magnetic field strength (publication 3, Chapter 4) and electron
concentrations (addressed in Chapters 3 and 4).
1.4.4 Coronal field models
The Community Coordinated Modeling Center (CCMC) is a NASA-based collaborative that offers
several quantitative coronal models (MacNeice et al., 2018). A sample 2-D magnetic field plot
from the MAS (“MHD about a sphere”) thermodynamic model corresponding to the MESSEN-
GER 2009 observation date is shown in Figure 1.7. Such models are based on global synoptic
magnetographic inputs and give important structural information for the given Carrington solar
rotation (Wiegelmann et al., 2017). Model results are numerical solutions based on averaged in-
puts and cannot be used for the study of FR fluctuations directly. However, the magnetic field
model outputs should be extremely valuable in evaluating local magnetic structure along the LOS,
necessary for interpretation of FR fluctuations. Coronal FR based on the magnetic field predicted
by the models often shows discrepancies with FR observations (Bird and Edenhofer, 1990, Ingleby
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Figure 1.6: Two-station HELIOS FRF recordings.
HELIOS 1 S-band transmissions, 9 Jan 1983, recorded simultaneously at the Goldstone (Cali-
fornia) and Canberra (Australia) stations. Cross-correlation analysis reveals an 8 second lag for
the Canberra time-series fluctuations. With line-of-sight separation of 2000 km, the inferred wave
speed is 250 km/s.
et al., 2007, Le Chat et al., 2014), requiring scaling factors to achieve the best match. Scale fac-
tors are also needed when comparing the heliospheric magnetic field model predictions to in-situ
measurements at 1 AU (Jian et al., 2015). The research presented here includes a quantitative
comparison between radio observations and a CCMC coronal model, to help establish calibration
coefficients for the model as applied in in the mid-corona. This will be invaluable for future coronal
research because it will help validate the models and reduce the reliance on the generalized radial
distance power-law models (Pätzold and Stelzried, 1987, Bird and Edenhofer, 1990, Hollweg et al.,
2010) that are frequently used to estimate magnetic field strength.
1.4.5 Identification of MHD wave types
Interest in Alfvén waves and MHD energy transport as mechanisms to explain solar wind accel-
eration remains strong, see e.g. Cranmer and Winebarger (2019). The transverse Alfvén waves
in particular garner much interest because they propagate well through the corona, unlike the
acoustic waves which are expected damp rapidly. Density-based waves, e.g. magnetosonic MHD
waves, are also present however. Efimov et al. (2012) for example reported 4 mHz quasi-periodic
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Figure 1.7: Coronal magnetic field contour map
Community Coordinated Modeling Center (CCMC) coronal magnetic field model showing the
magnetic field intensity solutions from an MHD model. The results are for Carrington rotation
2090 (November 2009), here showing the plane through heliolongitude 310°. The field strengths are
in nanoTesla (nT). The ”X” marks the estimated region where the radio line-of-sight penetrates the
plane, at heliocentric distance 2.2 R⊙. A series of such mappings is used to obtain the estimated
field strengths along the radio LOS. http://ccmc.gsfc.nasa.gov/cgi-bin/; retrieved 29 April
2019.)
frequency-fluctuations, consistent with density waves. The effect was noted in about 20% of data
segments studied, occasionally with an 8 mHz harmonic present. Since magnetosonic waves from
the base of corona would be expected to damp out at relatively low scale height, the authors the-
orized that magnetosonic waves at SO>3 R⊙ were locally generated in the corona from nonlinear
interactions with Alfvén waves of deep origin. Here we are interested in MHD wave radio signa-
tures in the mid-corona, hoping to separate out oscillations of transverse magnetic fluctuation, the
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Alfvén waves, from oscillations having a major component of electron density variation. Miyamoto
et al. (2014) used radio frequency fluctuation analysis to to present an interpretation of coronal
density waves in solar offset range 1.5-20R⊙. They considered the waves to be locally generated
acoustic waves and possibly dissipating to provide energy to the accelerating solar wind.
The coronal radio frequency fluctuation studies, which are more numerous in the literature than
reports on FRF, provide only a partial picture of coronal wave dynamics because frequency analysis
reveals only electron density-based time rate of change. The dual polarization transcoronal radio
observations presented in this dissertation permit analysis of FRF, since both plasma electron
number density (electron concentration) and LOS-aligned magnetic field components contribute
to the Faraday rotation effect. If electron density oscillations can be determined independently
from FF analysis, then the FR fluctuations can potentially be resolved into a portion related to
the spectrum of density fluctuations and the remainder due to magnetic field related variations.
This effort is reported in Chapter 5. The separation cannot be accomplished perfectly by remote
sensing due to the LOS integration. Nevertheless, useful approximations are feasible since the
LOS integration is usually dominated by the effects near the point of closest solar approach, the
“proximate point”.
Hollweg et al. (1982) evaluated the contributions of density- and magnetic field fluctuations to
the FR fluctuations observed in the 1970’s HELIOS data. In essence, they addressed density and




(neδB∥ + δneB∥)dS (1.4)
The investigators found that density fluctuations (δne) could not account for the FR fluctuations
unless the LOS-aligned background magnetic field component (B∥) was five times more intense
than the given estimate. In contrast, FR fluctuations based on LOS magnetic intensity variations
(δB∥) upon a typical modeled density field (ne) could explain the FR observations. They concluded
that Alfvén waves provided the main energy transport in this region of the corona. An update on
coronal Faraday rotation fluctuations applied to a wave/turbulence model (Hollweg et al., 2010)
showed that long-period Alfvén waves (hours) could provide the energy to drive the solar wind.
Several analytical elements from those studies are incorporated into the research presented here.
One established method for detecting electron-density changes in radio sounding studies is
differenced range versus integrated Doppler (DRVID), which requires a two-way radio link. The
two-way analysis allows direct removal of Doppler components of the frequency changes, leaving
the part related to electron density fluctuations. Although the research presented here did not have
4Change in polarization position angle, ∆χ is the Faraday rotation; some investigators designate this quantity
ϕ, so the FR fluctuation is δϕ
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the benefit of 2-way radio link data, electron density fluctuations are detected as carrier frequency
disturbances using the frequency-shift equation that follows. Changes in electron density alter
the plasma index of refraction, and accordingly, alter the phase velocity of the propagating wave.
The observed frequency of the carrier signal is shifted from baseline while the density is changing

















is the fractional change in radio frequency, S is the length of the LOS path, Ne is to-
tal electron content (electron column density) and the other symbols are standard (see Appendix
A). This frequency shift equation is derived in Appendix C. The first term on the right-hand
side includes the time rate of change in LOS length, and corresponds to the Doppler frequency
shift5. The second term includes the time-derivative of electron column density. The smooth,
slowly-changing Doppler first term is removed to isolate the electron column density fluctuations.
The RMS magnitude of the frequency fluctuations can be quite modest; narrow-band radio trans-
missions are well-suited for FF studies. This topic is developed in the publication presented in
Chapter 3.
1.4.6 Power-law organization of wave energies
Power-law scaling of wave energies is an important indicator of an energy cascade, in which power
transfer evolves as disturbances of successively higher spatial wave numbers, that is, smaller length
scales. The wave numbers have equivalent frequency representation in systems of propagating
waves or advected quasi-static disturbances crossing the sensing LOS. Evolution of the energy
cascade provides information on the distribution and dissipation of wave energies. Summary
reports by Bird (2007) and Efimov et al. (2015b) present key results from previous analyses of the
HELIOS data. The FR power spectral results over about 1-100 mHz (sometimes only 1-10 mHz)
demonstrated a power law of the form P=kνα where fluctuation frequency is ν. The spectral
index α was found to become more negative with decreasing solar offset, consistent with increased
low-frequency (driving) power. They found a spectral index of -2.4 at distance 3 R⊙, suggesting
incompletely developed turbulence at this close heliocentric distance. Power spectrum results
may be compared to a classic Kolmogorov 3-D spatial turbulent spectrum, which has a spectral
index of -11/3 (Yakovlev, 2002). The corresponding index for FRF is -8/3 spectral index for fully
developed turbulence integrated along the LOS.
Interpretation of spectral indices in terms of coronal turbulence is not always clear (Yakovlev,
5the standard convention is used here: a motion away from Earth gives a negative Doppler frequency shift, i.e.
change to a lower oscillation rate
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2017). Chashei et al. (2000) for instance, reports on declining FRF spectral index magnitudes over
solar offset range 3-12R⊙, contrasting with in-situ magnetic fluctuations in outer solar wind from
60 R⊙ and beyond that show spectral indices increasing towards the value for fully developed Kol-
mogorov turbulence. Although MHD turbulence is more complex than hydrodynamic Kolmogorov
turbulence, and is typically anisotropic, spectral indices are nevertheless often reported in relation
to the corresponding 3-D Kolmogorov spatial turbulence. Matthaeus and Velli (2011) reviewed
the background on this developing subject and highlighted the significance of turbulence in solar
and interplanetary physics. The present research studies afforded the opportunity to add spectral
power-law information about mid-coronal FRF and FF to the literature.
1.5 Hypothesis and scope of the research
Hypothesis: The mid-coronal magnetic fields transfer magnetic energy via low-frequency MHD
waves, with periods on the order of hundreds to thousands of seconds, that are capable of con-
tributing substantial energy towards acceleration of the solar wind.
This thesis will present data obtained from radio telescope observations of spacecraft transmis-
sions near superior conjunction, such that the radio signals pass through the corona at close solar
approach. The data are processed to reveal Faraday rotation, thereby providing information on
the underlying coronal magnetic field and plasma electron densities. FR fluctuations (FRF) im-
ply variations in the magnetic field components aligned to the sensing line-of-sight and/or in the
plasma electron concentrations and thus provide a valuable window into the dynamics of coronal
plasma. FRF analysis is an important approach for study of MHD waves in regions of the corona
otherwise not accessible for magnetic field measurements.
Some technical fundamentals for analysis of the radio observations are given in the next section.
1.6 Technical fundamentals
1.6.1 Radio Beam Refraction
The physical basis for use of radio signals to probe the coronal plasma is refraction, which is
the change in propagation direction of a ray due to change in wave phase speed. A large re-
fraction would alter the basic geometry of the observations (Figure 1.5) while a small refractive
change would affect primarily the detected phase, and its time-derivative, frequency of the signal.
Electromagnetic radiation is refracted by interaction between the plasma electrons and the radio
electric and magnetic fields Ratcliffe (1959). For radio oscillations of angular frequency ω, the
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The plasma dielectric constant (for a given frequency and electron density) is
ϵ = ϵ0 + σ (1.7)
with vacuum permittivity ϵ0 = 8.854 × 1012 Fm−1, such that the overall displacement field, D,
satisfies
D = ϵE. (1.8)

















assuming vacuum permeability, µ0, is applicable.





















The generalized expression for refractive index, including collisions and magnetic field effects is
known as the Appleton-Hartree equation. This equation is typically formatted using parameters




















with ambient magnetic field strength B0, fundamental electric charge e and electron mass me, and
where ωc is the electron collision rate, given by






with “Coulomb logarithm” lnΛ ≈ 10 (see footnote7). Even with a high coronal electron tempera-
ture, of say 1.5×106K, and electron density of 1×1013m−3, the collision parameter Z is exceedingly
small at 1.9 × 10−11 and may be neglected. In contrast, the plasma frequency parameter X is
about 4.5× 10−4. For a background magnetic field strength of 50,000 nT (0.5 Gauss), Y = 0.001.
In the simplified case of a collisionless plasma with the radio waves oriented parallel to the ambient
magnetic field, the Appleton-Hartree equation simplifies to
n2 = 1− X
1± Y
(1.19)
which means that in the mid-coronal environment, with Y on the order of one part in a thousand,
the medium refractive index is dominated by the plasma frequency component so equation 1.13
characterizes the main effect of beam refraction.
Our initial concern regarding refractive index is whether the radio wave is substantially refracted,
that is, physically deviated from a straight propagation path, enough to change the assumptions
about basic geometry of the observations. Here, general relativistic effects are ignored (see Bertotti
et al. (2003)). The maximal refraction is estimated as the angular change induced at a free space-
plasma interface. The refractive index for a vacuum is one, while that is the plasma is given by
7https://www.nrl.navy.mil/ppd/sites/www.nrl.navy.mil.ppd/files/pdfs/NRL_FORMULARY_16.pdf
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Table 1.1: Maximal refraction on the LOS at solar offset 1.6 R⊙.
Refraction of the radio ray path for the given frequencies was evaluated using a simple vacuum-
plasma interface. The plasma electron density was assumed to 1.0 × 1013 based on the Allen
equation using closest point of solar approach r = 1.6 R⊙. fp is the plasma frequency, f0 the
radio frequency, n1 = 1.0 the index of refraction in free space, n2 the index of refraction in the
plasma. The angular change in LOS due to refraction at the plasma interface, with the incident
angle being 60 degrees, is given in the last column.
f0 (GHz) fp/f0 n1/n2 Refraction (deg)
8.4 (X band) 3.42× 10−3 1.00001 5.79× 10−4
2.3 (S band) 1.25× 10−2 1.00008 7.72× 10−3
1.0 (L band) 2.87× 10−2 1.00041 4.09× 10−2
0.2 (VHF) 1.43× 10−1 1.01045 1.0539
equation 1.13. For a solar offset of 1.6 R⊙, the coronal electron density is estimated to be 1.0×1013
m−3 using the standard Allen model (Allen, 1947). Table 1.1 shows the refraction results for four
different radio frequencies. For X-band and S-band radio studies, the effect of refraction on the
ray path geometry at the mid-coronal altitudes is minimal and does not need further attention.
While not of concern for modeling the orientation of the radio wave path, the small changes
in path length due to refraction do measurably affect observed phase, and its time-derivative,
frequency; the full refractive index equation embodies the physical basis for Faraday rotation and
frequency-shift effects.
1.6.2 Analysis of fluctuations
In order to reveal the time series of pertinent fluctuations from the original radio observations, the
low-frequency slow trend of the time-series must be removed. In the case of frequency fluctuations,
the slow trend is due to the Doppler frequency shift resulting from the radial component of
spacecraft motion in the sky relative to the terrestrial observer. More generally, the slow trends
may also relate to change and movement in coronal structure (Bird and Edenhofer, 1990, Bird,
2007), and thus the Faraday rotation fluctuations also require slow-trend extraction. Use of the
detrend procedure helps assure that the analyzed fluctuations represent true coronal oscillatory
processes.
For long data streams, the predicted Doppler shifts from ballistic calculations may be applied,
although imperfections in Doppler removal may remain and introduce artifactual excess of low-
frequency spectral power. In shorter data segments, it is possible to adequately remove the trend
(“detrend” procedure) using a low-order polynomial fit (Song and Russell, 1999) provided the
Doppler shift changes slowly, but the exact results at the lowest frequencies will depend on the
specific slow trend removal method utilized. A sample of frequency baseband time series data
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Figure 1.8: Frequency fluctuations present in the MESSENGER spacecraft 2009 observations
Left upper panel: the offset-adjusted baseband frequency, shown with overlay of second order
polynomial fit trend line (dashed line). Lower panel: The frequency fluctuations remaining after
extraction of the trend line. Right: power spectrum of the FF. Here the spectral index line (dashed
line) has been linearly fitted over 1-10 mHz.
from the MESSENGER 2009 observations, with second order polynomial fit, and the resulting
fluctuations after removal of the slow trend fit, are shown in the left panels of Figure 1.8.
The FF are studied in power spectral analysis, as shown in the right panel of Figure 1.8. The
power spectrum shows decreasing power with increasing frequency. This pattern is the expected
negative power law relation seen with turbulent fluctuations. If the Kolmogorov hydraulic tur-
bulence theory has a coronal electron density analogue, the expected spectral index in -2/3 for
developed turbulence. The sample analysis shows an index of −0.72± 0.14, within the limits for
Kolmogorov turbulence in the inertial range for the frequency band 1-30 mHz. A flat spectral
floor is noted above about 40 mHz.





The limits of integration are important, since both the low and high-frequency ends of the spectra
are prone to artifacts and imperfections in Doppler removal and signal processing. A lower limit of
0.5-1 mHz was used in the present studies to avoid unreliable low-frequency power representation
resulting from imperfect slow-trend removal. An upper limit of 28 mHz was chosen to avoid the
flat spectral floor, and high-frequency signal processing artifact. Similar principles were applied
for the FR fluctuation analysis to obtain FRF variance, σ2FRF .
Both FRF and FF are dependent on radio wavelength λ. In order to combine results from
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observations obtained from spacecraft having different transmitting frequencies, the variances were
presented in suitable wavelength-normalized formats. Since FR varies as λ2, a rotation measure
(RM) is defined as RM = FR/λ2. Similarly, with FF proportional to λ, I define a frequency
(fluctuation) measure as FM = FF/λ. The RMS wavelength-normalized measures of FRF and












For 8.4 GHz X-band radio signals, λ = 0.0357m, while for the 2.3 GHz S-band radio studies,
λ = 0.1304m. The heliocentric radial dependencies of σRM and σFM are of great interest since they
are expected to give insight into the spatial evolution of the magnetic field and electron density
in the corona. They are also potentially useful in estimating coronal wave energies, but need to
be evaluated in the context of specific models of coronal structuring.
1.6.3 Summed variances: stacked slab model of corona
The analysis of transcoronal radio observations always involves line-of-sight (LOS) integration.
When analyzing the fluctuations in time-series and in spectral power, one must consider whether
the fluctuations result from one large coherent coronal disturbance, or from an aggregate of many
parcels of variation that are added up on the LOS. Both possibilities are feasible, the former case
in outburst event like coronal mass ejections and the latter in the relatively quiet coronal state
having a continuous broad spectrum of fluctuations. The standard model built for the present
research project is based on stacked slabs of plasma. Each parcel has a fluctuation variance, σ2,
that characterizes the intensity of variation for the specified parameter in that slab or parcel.
If radially oriented, the parcels appear as stacked slabs of magnetized plasma, roughly like the
open-field streamers seen on white-light coronagraphs.
Both FR and FF involve LOS-integration. If we first consider the variance in a single radial
slab of width LLOS, the variance will be based on squared width L2LOS. The total number of such
slabs, each assumed to have similar variance, adding up on the LOS over some effective integration
length, ∆S, is simply ∆S/LLOS. In open magnetic fields of radial-like orientation, ∆S is usually
taken to be approximately equal to the heliocentric solar offset, SO. SO may be expressed as a
radial distance ratio, r = SO/R⊙ or as length R = rR⊙; from the latter, ∆S = R. Therefore,
the total variance of the stacked set of slabs is related to single-slab scaling, L2LOS, multiplied by
the number of slabs in the effective integration path, R/LLOS, giving a total variance that scales
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with LLOSR and RMS fluctuation that scales with
√
LLOSR. These important scaling lengths for
variance and RMS fluctuation will appear in the publications presented in Chapters 2 and 3, and
are further discussed in Chapter 5.
LLOS is usually called the correlation length. Hollweg et al. (1982) defined this length using the
autocorrelation scale. They associated the correlation length with the spacing between magnetic
flux tubes for purposes of analyzing FR fluctuations. Intuitively, I consider it to be the thickness
of a radially oriented plasma slab that exhibits the element variance. It is difficult to determine
this scaling length directly, and opinions on the magnitude of LLOS vary widely, see e.g. discussion
in Hollweg (2010). A magnetic flux tube width is probably not the same as the white-light radial
structure on a coronagraph (Craig DeForest8, personal communication). I address the correlation
length in the publications and in Chapter 5. Efimov et al. (2008) did not specify a correlation
length or plasma partitioning along the LOS but rather approached the variations along the LOS
within a theoretical framework of quasi-stationary 3-D spatial turbulence characterized by an outer
scale and the spectral index, using an assumption of isotropy.
1.7 Summary
This research thesis will address wave-like magnetic- and density oscillations in the solar mid-
corona, inferred by fluctuations in transcoronal spacecraft radio signal measurements. Magnetic
field information will be deduced by analysis of Faraday rotation that is derived from the dual-
polarization radio observations. The main goal is to establish whether there is observational
evidence of magnetic energy transport via low-frequency MHD waves. Alfvén wave energy esti-
mates are obtained using the magnetic fluctuation variance inferred from the FRF. The results
will help describe the mid-coronal environment and wave energy transport through the solar mid-
corona, and build a bridge between the EUV studies from the base of corona to the MHD waves
demonstrated by in-situ observations in the solar wind.
The remainder of this thesis is organized as follows. The main techniques and findings are
developed in the three publications (Chapters 2, 3 and 4). Chapter 2 addresses the measurement
and analysis of FR fluctuations in the MESSENGER spacecraft data. Chapter 3 focuses on spectral
analysis of the radio frequency fluctuations, thereby elucidating the inferred spectrum of electron
density oscillations. The paper in Chapter 4 evaluates and compares the coronal magnetic field
strengths by FR observations versus the CCMC coronal model results. In Chapter 5, the methods
and results are extended, then discussed in an integrative manner to enrich understanding of the
mid-coronal magnetic environment and provide insight into the pertinent Alfvén wave energetics.
Chapter 6 provides the summary and discussion.




Magnetic fields of the mid-corona are subject to complex spatial and temporal variations that
suggest underlying coronal magnetohydrodynamic (MHD) energy transport processes. Faraday
rotation (FR) occurs in a magnetized plasma (section 1.5.1), so the fluctuations in FR (FRF) imply
oscillations in the magnetic field and/or the electron density. The initial publication, given below,
is the foundational work for this research program, developing the key principles and methods for
detecting coronal magnetic fluctuations using transcoronal spacecraft radio observations.
The results presented in this paper were obtained from a set of dual polarization radio telescope
observations recorded during the superior conjunction of MESSENGER spacecraft in November
2009, using the Green Bank telescope. Preliminary FR findings with these data had just been
published showing the basic slow FR trend (Jensen et al., 2013a) as well as indications of low-
frequency MHD waves (Jensen et al., 2013b) at the time I was arranging to begin participation
in the investigations. As my entry point into the study of coronal radio sensing and FR analysis,
my first task was to reproduce the basic findings using the same primary data sets. During the
technical development phase, improved data processing techniques were developed, allowing more
detailed study and extension of the original analysis.
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2.1 Probing the corona with Faraday rotation
In the following article, radio observations of the corona were evaluated to demonstrate milliHertz
(mHz) FR fluctuations at LOS closest solar approach 1.63-1.89R⊙. Note that the nomenclature
had not yet stabilized at the time of this publication: the title states “lower corona”, whereas
subsequently sufficient support was found for the designation “mid-corona” that I use everywhere
else in this dissertation. The FRF were not consistent with random noise, but rather assumed a
negative power-law power spectral organization, with similarity to that seen in turbulent energy
cascades. Although the general theoretical physics of MHD turbulence as it may apply in the
mid-corona is not well developed, the paper did find a characteristic spectral index of -2.64,
close to the theoretical prediction of -8/3 for a line-of-sight integrated 3-D system with isotropic
turbulence (Chashei et al., 2000). Also the -2.64 spectral index is a suitable extension of the results
summarized by Efimov et al. (2015b) to solar offset below 2R⊙.
The spectral analysis also revealed quasi-periodic components (QPCs), which are spectrally
localized enhancements in oscillatory power. QPCs are considered wave-like phenomena in the
FRF data, and typically last up to several cycles. In the paper, QPCs found at 3.3 mHz and 6.1
mHz reached statistical significance at the 1% level. Such mHz-band QPCs have attracted interest
because studies of the solar surface through the chromosphere and into the base of corona have
demonstrated wave-like behavior of similar frequency using independent techniques (De Pontieu
et al., 2007, McIntosh et al., 2011, Calabro et al., 2013). QCPs have also been reported in the
extended corona, in FR, e.g. (Bird, 2007, Andreev et al., 1997), but may appear in a fairly wide
range of frequencies (Efimov et al., 2015b). In this paper, the QPCs occurred during the few
thousands of seconds leading up to an FR enhancement “transient event”. One could speculate
that the wave-like activity occurred in the proximity of the transient disturbance, and represented
either instabilities that led to the event, or alternatively, waves generated by the nearby event.
Interestingly, no statistically significant QPCs were found after the transient. Other interpretations
remain under consideration as well, for example movement of the sensing radio path through a
QPC-emanating vibrating structure boundary.
This paper outlines the stacked-slab model for analyzing the FR variance to estimate the inferred
magnetic fluctuations, from which the presumed Alfvén wave energy flux density is estimated. The
modest estimate of 7 W/m2 is higher than the local solar wind kinetic energy flux density but
well below that needed to accelerate the solar wind. Limitations in the analysis highlight the need
for better contraints on electron density fluctuations and the background magnetic field strength.
Those two topics guide the focus areas for the investigations reported in the next two chapters.
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2.2 Article: Wexler et al. (2017), “Faraday rotation fluctuations of MESSEN-




Faraday rotation fluctuations of MESSENGER radio
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Abstract Faraday rotation (FR) of transcoronal radio transmissions from spacecraft near superior
conjunction enables study of the temporal variations in coronal plasma density, velocity, and magnetic
field. The MESSENGER spacecraft 8.4 GHz radio, transmitting through the corona with closest line-of-sight
approach 1.63–1.89 solar radii and near-equatorial heliolatitudes, was recorded soon after the deep solar
minimum of solar cycle 23. During egress from superior conjunction, FR gradually decreased, and an overlay
of wave-like FR fluctuations (FRFs) with periods of hundreds to thousands of seconds was found. The FRF
power spectrum was characterized by a power law relation, with the baseline spectral index being 2.64. A
transient power increase showed relative flattening of the spectrum and bands of enhanced spectral power
at 3.3mHz and 6.1mHz. Our results confirm the presence of coronal FRF similar to those described previously
at greater solar offset. Interpreted as Alfvén waves crossing the line of sight radially near the proximate point,
low-frequency FRF convey an energy flux density higher than that of the background solar wind kinetic
energy, but only a fraction of that required to accelerate the solar wind. Even so, this fraction is quite variable
and potentially escalates to energetically significant values with relatively modest changes in estimated
magnetic field strength and electron concentration. Given the uncertainties in these key parameters, as well
as in solar wind properties close to the Sun at low heliolatitudes, we cannot yet confidently assign the
quantitative role for Alfvén wave energy from this region in driving the slow solar wind.
1. Introduction
The plasma surrounding the Sun exhibits wave-like magnetohydrodynamic (MHD) fluctuations over a wide
range of temporal-spatial scales and heliocentric distances [Ofman, 2010; Nakariakov and Verwichte, 2005;
Arregui, 2015; Mathioudakis et al., 2013]. Despite much investigation, the role these waves play in solar wind
acceleration and coronal energy transfer remains unknown. An improved understanding of coronal distur-
bances and their MHD wave signatures is necessary to more fully understand space weather origins and
achieve early detection of adverse geo-effective events.
Coronal dynamics can be studied in extreme ultraviolet (EUV) space telescope imaging from the solar sur-
face out to about 1.35 solar radii (R⊙, heliocentric). A great wealth of information has been obtained on
coronal structure and oscillatory phenomena at this close solar range [Arregui, 2015]. Beyond this distance,
and in dark open-field regions of the near-corona, Faraday rotation (FR) of linearly polarized transcoronal
signals currently provides one of the few means to probe the corona for magnetic field information
[Hollweg, 2008; Bird, 2007; Jensen, 2007; Mancuso and Spangler, 2000]. Coronal sounding using FR has
been accomplished by using both natural radio sources [Kooi et al., 2014; Mancuso and Spangler, 1999;
You et al., 2012] and spacecraft transmissions [e.g., Efimov et al., 2000, 1993; Chashei et al., 2000; Bird,
2007; Jensen et al., 2005, 2013a]. The majority of these FR studies provided information for coronal
distances >3R⊙.
In late 2009, the MESSENGER spacecraft followed a superior conjunction trajectory, just after the deep activity
minimum of solar cycle 23. This alignment provided an opportunity for remote sensing of the lower corona
by recording the transcoronal spacecraft transmissions. Reaching well below 2R⊙ in closest solar approach,
the MESSENGER 2009 observations allowed sampling of coronal FR disturbances not too far from where
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waves and oscillations have been studied in EUV at the coronal base [Nakariakov and Verwichte, 2005;
Tomczyk et al., 2007; McIntosh et al., 2011].
Faraday rotation of a linearly polarized electromagnetic signal is the result of propagation through a magne-
tized plasma. Rotation of the polarization plane occurs in proportion to the integrated effects of electron con-
centration (number density) and magnetic field along the line of sight (LOS) from the spacecraft to the
terrestrial receiver. The rotation is given as a change in polarization position angle Δχ related to radio signal









in SI units (which are used throughout), with ne the electron concentration, B
!
the magnetic field vector, d S
!
the LOS path vector increment, me is mass of the electron, e is the elementary electric charge, ε0 is the
vacuum permittivity, and c is the speed of light.
Here we clarify that we are using the convention that a positive LOS-aligned magnetic field component is
directed toward the terrestrial observer and would produce a positive FR corresponding to the polarization
position angle rotating counterclockwise as viewed on Earth in accordance with the right-hand rule. There
is potential confusion in defining polarity of the LOS-aligned magnetic fields since in solar physics it is cus-
tomary to denote a magnetic field line outwardly directed from the solar surface as being positive. An out-
wardly directed solar magnetic field may produce both positive and negative components on the LOS,
depending on the orientation of the field relative to the LOS. Our definition for a positive B
!
component
on the LOS follows the convention of pulsar radio astronomers, in which a positive magnetic field vector
points toward the observer and produces a positive rotation measure [Hamaker and Bregman, 1996]. It must
be noted that this is opposite to official Institute of Electrical and Electronics Engineers and International
Astronomical Union conventions, for which a positive field points away from the observer [Institute of
Electrical and Electronics Engineers, 1969].
The Faraday rotation (FR) is thus the integrated result of changing magnetic fields and electron densities
throughout the plasma along the full LOS from spacecraft to the Earth (⊕). Since the baseline solar magnetic
fields and electron densities are expected to roughly follow power laws on heliocentric distance, the FR
effects in the quiescent Sun are generally dominated in the region where the LOS passes closest to the solar
surface. Changes in both electron density andmagnetic field contribute to the observed polarization position
angle rotation, so the FR technique taken independently cannot differentiate magnetic field contributions
from those of the electron concentration. Nevertheless, FR techniques can be compared with models and
thus provide a valuable insight into the dynamics of coronal plasma. Techniques being developed for deter-
mination of electron number density and its fluctuations [Jensen et al., 2016;Mancuso and Garzelli, 2013; Kooi,
2016] will complement FR studies and allow better constraints on the inferred B measurements.
The extensive data sets from the HELIOS 1 (1974-84) and HELIOS 2 (1976–1980) spacecraft were used to study
coronal FR, the first set for large-scale coronal magnetic field structure [Pätzold et al., 1987] and both sets for
detailed analysis of FR fluctuations (FRFs) in transcoronal radio sounding experiments [Efimov et al.,1993;
Chashei et al., 2000; Bird, 2007]. Chashei et al. [1999] and Efimov et al. [2000] described intermittent segments
of quasi-harmonic FRF along with power spectral wave-scale organization generally consistent with the
energy cascade concept. One particularly interesting feature was the presence of 5min wave-like oscillations
in FR that appeared in up to 25% of the recordings obtained at heliocentric solar offsets above 3R⊙. Low-
frequency FR fluctuations with time scales up to hours are believed to represent Alfvén waves [Hollweg
et al., 1982] andhave been implicated in the overall process of energy transport required for heating and accel-
eration of the solar wind [Chashei, 1989; Hollweg et al., 2010]. Recent reviews by Efimov et al. [2015a, 2015b]
illustrate a broad range of FRF frequencies, from milliHertz (mHz) scales extending into the sub-mHz range.
A lower limit on solar offset for FR observations is set by the level of solar sidelobe noise at the receiving
antenna as well as the transmitting frequency. The FR from HELIOS radio transmissions at 2.3 GHz could be
resolved generally to about 3 R⊙, and at best down to R⊙. Since FR is proportional to the inverse square of
signal frequency, modern high-frequency spacecraft radio systems operating at 8 GHz (X band) with high-
gain antennas are potentially able to penetrate deeper into the corona before the signal is lost or the rate
of rotation becomes unresolvable.
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Jensen et al. [2013a, 2013b] reported the FR results for MESSENGER spacecraft transmissions during the super-
ior conjunction of November 2009. The 8.4 GHz MESSENGER radio permitted FR study deep into the corona,
to about 1.6R⊙ (Figure 1a). They documented the broad, sloping curve of FR expected for the declining
plasma density and mean magnetic field strengths with increasing solar offset. Also, evidence for 0.6mHz
waves was presented. In this report we present a further analysis of the data from 10 November 2009, cover-
ing heliocentric distances 1.6–1.9 R⊙. Our data give information on the near-equatorial corona at close offset
during relative solar quiescence. Techniques were developed for the reanalysis-improved resolution and per-
mitted detailed investigation of FR fluctuations in the millihertz regime.
2. Observations and Data Processing
2.1. MESSENGER Spacecraft Observations
Observations were conducted on 8 and 10 November 2009. The Sun was still in a fairly quiescent state after
the end of cycle 23, which had exhibited the longest solar minimum in a century. This state of generally low
solar activity was confirmed by examining SOHO extreme ultraviolet imaging telescope (EIT) images in
304Å, 171Å, and 195Å. The streamer belt pattern expected for solar quiescence was confirmed on Large
Angle and Spectrometric Coronagraph (LASCO) C2 white-light coronagraphs, and the data for 10
November used in this study were found to map inside the margin of the LASCO C2 occluding disk, beneath
a streamer region (Figure 1b).
At that time the MESSENGER spacecraft was on a Mercury flyby trajectory, with the path approaching the
western limb of the Sun for the 8 November observations and receding from the eastern limb (solar conjunc-
tion egress) during the 10 November observations. Using position vectors for Earth, Sun, and MESSENGER
obtained from the Jet Propulsion Laboratory Horizons ephemerides, the line-of-sight (LOS) path was speci-
fied for each second in heliocentric ecliptic coordinates. Heliocentric distances to the LOS point of closest
approach (hereafter, proximate point) ranged 1.49–1.04 R⊙ for ingress observations and 1.63–1.89 R⊙ for
egress. Due to signal loss at progressively deeper levels of the corona during ingress, the useful FR data were
limited to 1200 s segment from solar offset 1.51 R⊙ during ingress on 8 November, insufficient to include in
the present work. The egress data could be processed as a nearly continuous FR record over 14,400 s and con-
stituted the data presented here. Heliolatitude for the LOS proximate point in ecliptic coordinates was about
6°. In heliographic coordinates, the solar latitudes for the proximate point ranged6° to7° during egress.
The MESSENGER spacecraft was built with a high-gain antenna system transmitting at 8.4 GHz in right cir-
cular polarization (RCP) [Srinivasan et al., 2007]. Pure circular polarization corresponds to an axial ratio of
unity for the orthogonal linear electric vectors, meaning no intrinsic linear polarization and therefore no
Figure 1. Geometry of the MESSENGER observations. (a) View of the ecliptic X-Y plane from above, illustrating a LOS
together with its proximate point and the heliocentric distance to that point (solar offset). Here the solar offset is 1.65
R⊙. (b) The progression in location of the proximate points is superimposed on a LASCO C2 image of the corona from 10
November 2009. The image is oriented with solar north directly upwards. A SOHO EIT 304 Å image of the Sun for the same
date is placed over the location of the solar disk. The edge of the coronagraph occluding disk marks 2 R⊙ (The images were
obtained from the SOHO public archive, http://sohowww.nascom.nasa.gov).
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capability to detect FR. However, the MESSENGER transmitter system exhibited a small departure from this
ideal state at the nominal operating frequency [Stilwell et al., 2003] corresponding to linear polarization of
about 11%, or sometimes more depending on propagation effects. This value is comparable to percentage
linear polarization established for extragalactic sources used in prior FR studies [e.g., Ingleby et al., 2007]
and enabled us to measure FR.
All observations were obtained by using the National Radio Astronomy Observatory (NRAO) Green Bank
100m radio telescope, which had a native dual-circular polarized feed. The two signals were down-converted
to a baseband frequency and low-pass-filtered with a cutoff frequency of about 0.3MHz. The I-Q quadrature
channels for both polarizations were sampled at 5MHz and digitally recorded with unsigned 4-bit resolution.
FR effects due to the Earth’s ionosphere andmagnetic field are significant in low-frequency radio polarization
studies.Oberoi and Lonsdale [2012] reviewedRMcontributions fromdifferent parts of the ionosphere andplas-
masphere.Wecanestimate themaximumexpected ionospheric FRusing their estimateofRM=8.31 radm2
for a zenith measurement during times of high terrestrial ionospheric electron column density. Using
FRmax = RMmaxλ
2 with radio wavelength of 3.5 cm, the maximum ionospheric contribution to the FR is only
~0.01 radian. Thus, the terrestrial atmospheric contributions to the observed FR was expected to be small.
2.2. Data Processing
RCP and LCP signals were reconstituted from the complex number sequences in the science data files. The
data were analyzed in sequential 1 s segments. Spectral analysis of Stokes I (total intensity) was performed
to identify the signal peak, then a Gaussian fit was used to estimate signal width. This center frequency
and Gaussian fit were used to obtain the power products RR*, LL*, and RL* (R = RCP, L = LCP; the asterisk
denotes complex conjugate) and thereby calculate the remaining Stokes parameters Q, U, and V. Stokes Q




The mean Stokes V, circular polarization, expressed as a fraction of total power (Stokes I) was 0.95. Mean frac-
tional LCP power was 2.6%, adequate to obtain position angles of polarization. Depending on depth into the
corona, the RL* cross spectrum, used to obtain Stokes Q and U, had a signal-to-noise ratio ranging 5–20.
A computational unwrap method was used to remove the nπ uncertainty from the series of position angle
results. The time series of unwrapped polarization angles constituted the uncalibrated FR curve (absolute
position angle offset unknown). The parallactic angle correction was applied to the FR results.
The FR time series were subjected to spectral analysis. A power spectrum G of form G∝ να with frequency ν
and characteristic spectral index a implies a set of waves or structures with an organized sequence of powers
based on wave numbers. The power spectral index can give clues on the presence of temporal-spatial turbu-
lence in the plasma and may indicate the development of an energy cascade that underlies wave turbulence
models of coronal heating. FRF spectra from the HELIOS missions have shown power spectra over the ~1–
10mHz range with a about 1.6 at 6 R⊙ with spectral steepening to 2.4 at 2 R⊙ [Efimov et al., 2015a,
2015b]. We therefore sought to confirm the presence of a power spectrum in the millihertz frequency range
and obtain the spectral indices below solar offset 2 R⊙.
Spectral analysis was also used to search for quasiperiodic fluctuations appearing as peaks superimposed
upon the general power spectrum. Waves of period ~5min (3–3.5mHz) were of particular interest due to
prior descriptions of this periodicity in both EUV studies at the coronal base and transition regions [e.g.,
Tomczyk et al., 2007; McIntosh et al., 2011], and in coronal FR studies beyond 3R⊙ [Chashei et al., 1999;
Efimov et al., 2000].
Study of FR fluctuations in the millihertz range was facilitated by removal of the general slow trend (see
section 3.1). For slow-trend removal we applied a fourth-order Butterworth high-pass filter with cutoff fre-
quency 0.2mHz, suitable for our 14,400 s data segment.
Spectral processing of FR curves was accomplished by using standard Python signal-processing packages.
The mean noise floor, evaluated over 20–100mHz, was extracted from the entire spectral result. A 5-point
smoothing algorithm with 1:2:3:2:1 weighting was applied to the spectra. The characteristic spectral index
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α was obtained from the linear regres-
sion of log-log power versus fre-
quency. The frequency range for
determination of the power law index
was adjusted as the data were
assessed; details are given with ratio-
nale in the pertinent sections of the
results.
To determine statistical significance
of peaks in the power spectra, refer-
ence levels of variability were needed.
The variability in power spectral
points was quantified as the differ-
ence of power logs, ΔG≡logG(v)
logGindex(v), where G(v) is the power
spectral density (PSD) at frequency v
and Gindex(v) is the idealized PSD
obtained from the spectral index for
that frequency. We created a rando-
mized wave system simulation to
address this matter (section 3.2).
3. Faraday Rotation Results
3.1. Faraday Rotation (FR) General Trend and Fluctuations
The overall pattern of FR over 4 h during egress, starting at 13:15 UT on 10 November 2009, is shown in
Figure 2. Starting with initial polarization position angle arbitrarily set to zero, the unwrapped position angle
curve broadly decreases by about 7.4 rad with a curved downtrend that shows superimposed oscillations and
fluctuations. This far exceeds the expected maximal ionospheric contribution to the observed FR. A transient
crescendo event that appears in the first quarter of the time series will be addressed in section 3.3.
Generally, we expect the slow downward trend in FR with increasing solar offset to be based on the LOSmov-
ing through an asymmetric large-scale magnetic field structure with declining electron concentrations.
However, for our observations, which involve a dominance of high-power, low-frequency waves, a portion
of the baseline offset and slow trend evolution might be due to randomized wave behavior (see section 3.2).
The change in polarization position angle shown in Figure 2 may be interpreted as at least 7.4 rad of FR pro-
duced in the LOS with proximate point at 1.63 R⊙. This corresponds to RM=6000 radm
2 or greater, which
dwarfs any possible contribution from the ionosphere. Of note, our large RM value is considerable greater
than the 3500 radm2 maximal predicted value obtained in the empirical formula provided by Spangler
and Whiting [2009]. Their maximal value is obtained based on radial magnetic fields with polarity reversal
region (referred to as a sector boundary or neutral line) near the proximal point [see also Ingelby et al.,
2007; Kooi et al., 2014]. The opposite condition, in which there is no fairly nearby polarity reversal in an other-
wise radial field, would result in minimal net FR due to cancelation of mirror image rotation contributions
along the LOS with respect to the proximate point. We reviewed the Coordinated Community Modeling
Center (CCMC) Magnetohydrodynamic Algorithm on a Sphere (MAS) polytropic model (http://ccmc.gsfc.
nasa.gov/models) generated for 10 November 2009 to locate the angular position of the magnetic neutral
line at approximately 30° relative to the line from heliocenter out to the LOS proximate point. Most likely,
our results point to asymmetric, nonradial magnetic fields, and deviation from simple radial power law rela-
tionships for magnetic field strength at this coronal level. To follow up on these impressions, we plan to scru-
tinize magnetic field strength and electron concentrations along the LOS paths using 3-D MHD models for
comparison with the observations [e.g., LeChat et al., 2014].
As seen in Figure 2, irregular fluctuations, with various time scales, are found superimposed on the general FR
slow trend. Analysis of these fluctuations provides a basis for understanding the purported Alfvén waves
believed to play a key role in coronal magnetic energy transport. FR fluctuations are studied by first isolating
Figure 2. General trend of the Faraday rotation. The Faraday rotation over
four hours of spacecraft egress from solar conjunction, starting at 13:15 UT
on 10 November 2009. The phase-unwrapped polarization position angle
Δχ decreases as egress progresses. A transient crescendo event is noted
before solar offset 1.7 R⊙.
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the variations from the underlying baseline trend [Song and Russell, 1999]. We remove the baseline trend
(hereafter, detrend) to isolate the frequency domain of interest for the particular question. Here we are inter-
ested to learn about FRF initially in the range 0.5–20mHz.
The common methods for time series detrending are subtraction of a second- or third-order polynomial fit
across the given analysis frame, and high-pass filtering (HPF). We studied both methods and found that each
had drawbacks: the HPF resulted in phase shifts and temporal distortion of the time series, while preserving
the desired frequency range and avoiding spurious presentation of frequencies below the cutoff. Polynomial
detrending preserved the time relationship of peaks in the time series (no phase shifts) but had variable and
somewhat unpredictable effects on the power spectrum. We had a particular interest in the power spectrum,
and therefore ultimately chose to remove the low-frequency trend using HPF to achieve a well-characterized
spectral response. The phase shifts from filtering do not degrade the power spectral analysis.
The FR fluctuation time series was obtained by high-pass filtering with a frequency cutoff of 0.2mHz.
Fluctuations are seen across the record, with a transient crescendo event noted in the first quarter of the time
series (Figure 3a). The FRfluctuation time series individual elementsmaybedenoted δFR, and themean square
across the time series as hδFR2iwhere the angle brackets denote an average. The square root of this value is the
root-mean-square (RMS). For the data in Figure 3a, the FRF RMS is 0.23 rad. Converted to the HELIOS 2.3 GHz
carrier signal, the equivalent RMS is 3.0 rad rotation, which matches fairly well the expected value for a low-
latitude streamer region in the HELIOS results (see Figure 3 in Hollweg et al. [2010]). The FRF RMS estimate will
be useful in calculating Alfvén wave energy flux density for the model developed in section 4.
The observed FR fluctuations are not attributed significantly to ionospheric variations. About 90% of the
Earth’s atmospheric FR occurs in the ionosphere. Various ionospheric disturbances on time scales of minutes
to hours may have associated RM of on the order of 0.1 radm2, while day-to-day variability may reach
0.3 radm2 [Oberoi and Lonsdale, 2012]. Sporadic storm-enhanced densities (SEDs) may boost electron con-
centrations greatly in the upper ionosphere and above, with resulting RM up to 6 radm2 over a timescale of
minutes to hours. Even in the case of an extreme SED event, the expected variation of FR for our X-band data
is ~0.01 rad, or about 4% of the observed large-wave amplitudes.
The PSD plot for the FRF is given in Figure 3b. A power law relation appears over frequency range approxi-
mately 0.3–20mHz, and a flat spectral floor is noted above 20mHz. The RMS power of this spectral floor over
20–100mHz was subtracted from the spectrum before calculating the power law spectral index. The spectral
flattening below 0.3mHz is expected from the filtering with cutoff frequency 0.2mHz. Due to these upper
and lower frequency bounds on the power law region, as well as the localized enhancements of spectral
Figure 3. FR fluctuations from observations of MESSENGER radio signals, 10 November 2009. (a) The FR fluctuation time
series, obtained by high-pass filtering with a frequency cutoff of 0.2mHz.Fluctuations are seen across the record, with a
transient crescendo event noted in the first quarter of the time series. (b) Power spectral density (PSD) analysis of the FR
fluctuations (blue), after subtraction of the mean from the flat spectral floor (gray). The power law index line was fitted over
0.5–1.3mHz and 9–15mHz bands (thick red lines) to avoid influence of the apparent spectral enhancements in the central
millihertz range (dashed red line). Possible spectral peaks noted around 1.5, 3.5, and 6mHz were subjected to further study
to assess statistical significance.
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power around 1.5, 3.5, and 6mHz, we elected to determine the power law spectral index as follows. For the
lower end of the power law fit, the 0.5–1.3mHz range was used, and at the upper end, the 9–15mHz range.
The spectral index was calculated by linear regression on the double log plot, using only the upper and lower
regions above for the fitting. The spectral index, with standard error, was found to be 1.98 0.07.
Statistical evaluation of the spectral peaks at ~1.5, 3.5, and 6mHz required study of random fluctuations in
the power spectrum and the potential computational artifacts of detrending the time series data. These
issues are addressed in the next section.
3.2. Monte Carlo Simulations
Simulated timeseriesof randomfluctuationsbasedonav 2power spectrum(spectral indexα= 2)weregen-
erated to study thepowervariationsexpectedona randomstatistical basis. Themainpurposewas todetermine
the threshold forwhichagivenpeak in theobservedMESSENGERFRspectrumhadnomore thana1%chanceof
being due to random chance in the time series of fluctuations. Also, the simulations were used to address the
expected outcomes from processing of shorter data segments, e.g., 3600 s. These shorter analysis segments
were of interest to examine temporal changes in spectral index and FRF RMS values across the full data record.
A system of 1000 oscillators was generated computationally, with frequencies distributed evenly over 0.2–
100mHz. The oscillators were initially scaled to v 1 amplitude, then randomized in phase and subjected
to an additional randomized amplitude scaling factor [Timmer and Köenig, 1995]. Oscillator outputs were then
summed to produce simulated time series of length 14400 s. This time series was processed with the same
high-pass filtering parameters as used with the MESSENGER data. A histogram of the resulting simulation
fluctuations showed reasonably Gaussian distribution of fluctuations. The final amplitude scaling was applied
to force the simulation RMS amplitude to 0.23, matching the FRF RMS of the observational data. A set of three
hundred such simulated time series was analyzed to obtain the summary statistics for power law spectral
index and ΔG for each frequency bin. The ΔG statistics were used to quantify the intrinsic variability exhibited
in the power spectrum of the randomized oscillator system.
We found that a sum of randomized waves with power scaled as v 2 can occasionally produce a baseline
offset that persists for some time. Therefore, in time-limited analysis frames, a given observed baseline offset
may include both the intrinsic physical offset and that introduced via randomized low-frequency oscillatory
components. For our observations, random behavior in the high-power, low-frequency waves could account
for a portion of the baseline offset and slow trend evolution. This effect is attenuated by high-pass filtering,
which was used for study of the FR fluctuations.
A sample 14,400 s simulation is shown as the gray curve in Figure 4a. The phase-shifting effects of high-pass
filtering (blue curve) are apparent in the lower frequencies.
Figure 4. Simulated system of randomized oscillators and the MESSENGER FRF. (a) The simulation time series of random
fluctuations (in gray) has been processed by high-pass filtering, with the resulting waveform in blue. Filtering produces
frequency-dependent phase shifts. (b) The power spectrum of the MESSENGER observations (blue) are coplotted with a
sample simulation spectrum (gray). The upper and lower three standard deviation limits determined by 300 simulation
trials are shown (dotted line). The MESSENGER data show spectral enhancement at 3.3 and 6.1mHz, with <1% probability
of random chance occurrence.
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The power spectrum for the sample FRF simulation is shown in gray in Figure 4b, with 3 sigma limits based on
300 trials. The spectrum from our observations is coplotted in blue. Comparing the observational results to
those from the simulation, we found no significant difference in spectral indices, 1.98 + 0.07 for the obser-
vations versus2.04 + 0.14 for the set of 300 simulation trials. The spectral peaks at 3.3mHz and at 6.1mHz in
the observations are considered statistically significant, below 1% chance of random occurrence.
Interpretation of the 14,400 s spectrum is complicated by the consolidation of varying physical conditions
over 4 h, and over 200,000 km (0.29 R⊙) change in closest solar approach, into a single composite spectrum.
A crescendo FRF transient is observed in the first quarter of the record, while the remainder of the time series
suggests more stationary processes. The finding of peaks at 3.3 and 6.1mHz raised the possibility of quasiper-
iodic components (nearly monochromatic transient wave trains) in the record, motivating a closer search
through the time series. Changes in spectral structure were therefore investigated by interval analysis to
explore radial dependencies and to search for more homogenous snapshots of coronal activity.
3.3. Interval Analysis and Radial Dependencies of Faraday Rotation Fluctuations
A sliding window algorithm was applied to the observed FRF time series as well as the simulated time series.
We decided on a frame length of 3333 s to allow capture of oscillations down to 0.3mHz. The analysis pro-
ceeded as a succession of advancing, overlapping windows, with each successive window advancing 60 s
over the last. For the observations, frame advance corresponds to increasing solar offset. In each frame, spec-
tral index and FRF power for three different frequency bands were determined and plotted as functions of
Figure 5. Sliding Frame analysis. (a) Power band analysis for the observations, using sequential, overlapping analysis frames
of length 3333 s. Each frame advance positioned the start of next analysis frame 60 s after the previous frame start. FRF
power in bands 0.3–0.9, 1.5–20, 2–4, and 5–7mHz are shown. The 1.5–20mHz band power decreased with increasing solar
offset. The 5–7mHz band shows greatly increased power in the first quarter of the record. The 0.3–0.9mHz band shows
wide variability and lack of an overall downtrend with increasing solar offset. (b) The power band analysis for a simulation
time series. No overall downtrends noted. (c) Power law spectral index time evolution for the observations. A clear shift
downward below index 2.5 occurs between the first quarter of the record and the remainder of the data segment. (d)
Spectral index time evolution for the simulation. The spectral index is largely confined between 2.0 and 2.5.
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frame advance (Figure 5). FRF power within each frequency range v1 to v2 was obtained from the power spec-




G vð ÞΔv (3)
We studied the time evolution of power for various frequency bands and found that for these observations,
the band below 1mHz had different behavior than the bands greater than 1mHz (Figure 5a). No specific
trend was found in the simulation sliding frame analysis (Figure 5b). In both Figures 5a and 5b, the 0.3–
0.9mHz power band shows wide variations but no definite upward or downward trend during increasing
solar offset. In contrast, the 1.5–20mHz band for observations did show a downward trend with increasing
frame advance, but the simulation did not. When the power law spectral index was determined over range
of 0.3–20mHz, the values fluctuated wildly due to the large swings in <1mHz power, but when the spectral
index was determined in the 1.5–20mHz range (Figures 5c and 5d), the trends were more stable. We con-
cluded that the 1.5–20mHz frequency band can be conveniently treated as a unit for purposes of spectral
index determination and tracking organized spectral power. Accordingly, we re-assigned the bins for fitting
the spectral index to 1.5–3.0mHz for the low end and 10–20mHz at the high end and used these for the
remainder of the analysis. The intermediate (>3, <10)mHz range was left out of the spectral index fitting
to avoid distortion from the spectral peaks described in section 3.2.
Three main points emerge from the sliding frame analysis. First, the sub-mHz power fluctuations dominate
the overall power and do not seem to mirror the decline in power over advancing frames (that is, over
increasing radial offset) that is seen with the 1.5–20mHz power band. The large sub-mHz fluctuations in this
data segment may represent a different underlying physical process. Further data will need to be evaluated
to follow-up on this finding. Second, in 1.5–20mHz band there is a general downward trend of fluctuation
RMS with increasing solar offset, with an occasional overlay burst of power. The third point is that the first
quarter of the record shows a different spectral index than the rest of the record and should be studied as
a separate data unit (Figure 5c). Reinforcing this point is the finding that power in the 5-7mHz range was pre-
ferentially boosted in the first quarter of the record (Figure 5a, in gray) compared to the 1.5–20mHz band.
A high-detail view of the first-quarter FRF segment is shown in Figure 6a. Quasiperiodic oscillations with a
period on the order of 200 s are noted. The FRF amplitudes increase near the end of the frame. The associated
power spectrum is shown in Figure 6b, with+3 standard deviation limits obtained from 300 wave simulation
trials processed identically. Spectral peaks at 3.3mHz and 6.1mHz surpass the threshold for significance at
the 1% level. Compared to the FRF in the remaining three quarters of the time series, the spectral index is
relatively flattened to 1.79 + 0.17. As seen in Figure 5c, the spectral index then becomes ~2.2 reflecting
the sliding analysis frames containing portions of both transient and nontransient data. After frame advance
50, the spectral index remains largely below 2.5, no longer influenced by the first-quarter transient event.
The time series and power spectra for the remaining three quarters of the FRF record are given in Figures 6c
and 6d. The three spectra were similar and generally confined within the 3 standard deviation envelope. The
mean spectral index was2.64 + 0.12. There were no peaks in the 1–10mHz range surpassing the 1% thresh-
olds for statistical significance, although borderline peaks just above 10mHz were noted.
4. Discussion
4.1. Faraday Rotation Fluctuations (FRFs)
The MESSENGER 2009 radio data provided high-resolution Faraday rotation results for solar offset range
1.63–1.89 R⊙ near solar minimum. We found overall concordance with previous coronal sounding FR studies
that had been conducted with longer radio wavelengths, greater solar offsets, and different recording equip-
ment. Initial comparisons are now presented.
The FRF power spectrum (Figures 3 and 6) showed a power law form similar to that found in the HELIOS stu-
dies [Efimov et al., 2015b; Bird, 2007; Efimov et al., 2000]. We found it useful to separate the data analysis frame
with the transient event from those showing only the general background fluctuation spectrum. For the lat-
ter, a mean spectral index of 2.64 + 0.12 characterized the power in frequency band 1.5–20mHz. Efimov
et al. [2015a] reported an FRF spectral index (here presented as a negative value) of 2.4 + 0.2 at 2 R⊙ and
a trend of decreasing magnitude with increasing distance. Our determination of α= 2.64 seems a
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credible extension of their spectral index curve to solar offset ~1.6–1.9 R⊙. We note that this spectral
index value is close to the theoretical spectral index 8/3 which results from LOS integration of a
Kolmogorov-like 3-D local turbulence spectrum [Chashei et al., 2000]. Overall, we found that the back-
ground power spectrum over ~1–20mHz was consistent with a system of randomized magnetic waves
and suitably scaled for a turbulent process; we will proceed with the hypothesis that the FRFs are due
to wave-like fluctuations.
Behavior of the background magnetic wave spectrum is further illustrated in the radial dependency of FRF
RMS amplitude (Figure 7). A sliding window analysis of frame length 200 s was applied sequentially through
the data, providing essentially a running average of FRF RMS. We see that the FRF RMS values increase by a
factor of ~2 during the crescendo transient in the first part of the record. Lesser transient surges are seen
thereafter. The apparent FRF RMS baseline trends downward gradually with increasing solar offset.
Interestingly, when the radial behavior of total electron content (TEC, or column density) is overplotted
(Figure 7, dashed line), the “floor” of background fluctuations tracks the TEC trend line fairly well. Here we
computed the electron concentration using the radio data of Mercier and Chambe [2015]. Fitting their data
for the equatorial Sun over 2008–2010, we obtain
ne rð Þ ¼ 1:111014r6:83 (4)
where r is the heliocentric distance in solar radii and the electron number density is in m3; their data
extend only to ~1.5 R⊙, but we will use equation (4) to extrapolate the electron concentration to
Figure 6. FR fluctuation analysis in 3600 s frames. (a) FRF time series of the first quarter (Q1), showing the transient cres-
cendo event. Fluctuations with periods on the order of 200 s are seen, and increased amplitudes in the second half of
the analysis frame. (b) Spectral analysis of FRF Q1 shows spectral enhancement at 3.3mHz and 6.1mHz, significant beyond
3 standard deviations (dotted lines). The spectral index is flattened to 1.79. (c) FRF time series for the three remaining
3600 s segments (Q2, Q3, and Q4) in the observations. For clarity, Q2 (top curve) is plotted with offset +1 rad, and Q4
(bottom curve) is plotted with offset1 rad. (d) Power spectra for Q2, Q3, and Q4. The average spectral index is steepened
to 2.64 + 0.12. The spectra are generally confined within the error limits (dotted lines) although borderline peaks can be
seen just above 10mHz.
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modestly greater distances. This for-
mula gives a lower estimate at the
proximate point than the standard
Allen-Baumbach formula for the quies-
cent solar corona [Allen, 1947; see also
Bird and Edenhofer, 1990], possibly due
to the observations being taken just
after the unusually deep solar mini-
mum of solar cycle 23. It was felt that
electron concentration data specific to
our observation time frame would be
more appropriate than use of a general
parameter formula.
The TEC was then obtained computation-
ally by integrating segments along the
LOS out to 3 R⊙ to either side of the proxi-
mate point, capturingmost of theelectron
density. A uniform pattern of magnetic
fluctuations should result in FRF that
scale down with increasing solar offset
due to decreasing electron concentra-
tion; see equation (8) below. Our finding that the FRF RMS and the TEC follow similar trends supports the
concept of broadly distributed randomized magnetic waves in this region of the corona.
Our work demonstrates low-frequency FR fluctuations in the lower corona but does not prove the existence
of propagating waves since we had only single-station observations. FR studies using two-station temporal
cross correlations did show evidence for wave propagation [Bird, 2007; Efimov et al., 2015b; Jensen and
Rusell, 2009]. Below the Alfvén critical point, where the Alfvén speed exceeds the solar wind speed, the
two-station data indicated propagation sometimes toward but mostly away from the Sun. Bidirectional wave
transmission is important in MHD wave energy dissipation.
The present study supports the concept of a field of randomized fluctuations on the background magnetic
field. When we ran the simulated oscillator system, a number of features of such a field were reproduced.
Hollweg et al. [1982] found that FR fluctuations were duemostly to variations in magnetic field strength rather
than density changes, suggesting that the fluctuations were due largely to Alfvén waves. Other studies
[Andreev et al., 1997; Efimov et al., 2015a; Bird, 2007] also support the interpretation of FRF as coronal
Alfvén waves. The role these waves may play in solar wind acceleration is still being evaluated by the solar
physics community [see Roberts, 2010].Mancuso and Spangler [2000] consider the possibility of relatively sta-
tic coronal structures moving through the LOS to explain very low-frequency FR perturbations. We suggest
the possibility that while a spectrum of randomized waves may permeate the coronal magnetic fields in
the 1–20mHz range, the high-power lowest-frequency FR components may have a different physical basis,
e.g., random shifting of the photospheric footprints that could reconfigure the overall field structure, at least
in the lower corona. These questions can be explored by studying combined data sets that cover a wider
range of solar offsets, solar latitudes, and phases in the solar cycle.
The transient event seen in the first part of the data contained narrow-band spectral enhancement with
peaks at 3.3 and 6.1mHz (Figures 6a and 6b). The 3.3mHz peak corresponds to intermittent quasi-harmonic
oscillations of ~5min period reported by Efimov et al. [2000] and Chashei et al. [1999] for FRF observations
beyond 3 R⊙. The finding of augmented power at ~6mHz is interesting because it might indicate MHD wave
harmonics. Mathioudakis et al. [2013] point out that the energy of Alfvén waves propagating in a turbulent
medium can be transferred to other wave modes (i.e., magnetosonic) and may appear as a first harmonic
peak in the power spectrum [see also Jensen, 2007]. Harmonic power spectral features are found in the earlier
studies of HELIOS, e.g., 6–7mHz enhancement [Efimov et al., 2000, Figure 3] and 12–15mHz [e.g., Bird, 2007,
Figure 12; Efimov et al., 2000, Figure 1]. The FR imprint of millihertz wave-like activity in the lower corona is
unequivocal, but further study is required to clarify FRF physical significance and relation to solar wind
acceleration mechanisms.
Figure 7. Radial dependency of FRF RMS. FRF RMS values are shown in
consecutive 200 s frames. The FR fluctuations diminish in amplitude
with increasing solar offset. The floor of RMS values roughly parallels the
slope of the estimated total electron content (TEC, dashed line), while the
surges also diminish but not in parallel to the TEC curve.
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Jensen et al. [2013b] reported spectral enhancement at 0.625mHz and possible enhancements at 1.68 and
4.49mHz for the same MESSENGER 10 November 2009 data we analyzed here using different methods. As dis-
cussed in section 3.1, spectral results are highly sensitive to the specific detrending and filtering methods used.
While we confirm visually in Figure 3a large-amplitude waves with periods around 2000 s (0.5mHz), using the
present methods no significant power excess in the 0.4–0.6mHz range was found in the power spectrum
(Figure 4b); the low-frequency waves are already dominant as a consequence of the power law spectral orga-
nization. We found a nonstatistically significant spectral enhancement at ~1.5mHz, corresponding to the peak
described by Jensen et al. [2013b], but no features to corroborate the 4.49mHz finding. Our analysis was carried
out with higher temporal resolution than that of the earlier work, and when confined to the interval near the
transient event, demonstrated more clearly spectral enhancements in the 3–6mHz range (Figure 6b). Jensen
et al. [2013b] removed the low-frequency trend using a time series smoothing algorithm [Sakurai and
Spangler, 1994], which accomplished high-pass filtering but with uncertain spectral properties. We applied
Butterworth high-pass filters with known spectral characteristics and are confident that themethods can be reli-
ably extended to further studies of coronal FR.
4.2. Wave Energetics
FRF RMS values can be used to obtain a rough estimate of magnetic wave energy flux, under the assumption
that the FRF are due solely to fluctuations of the magnetic field crossing the LOS [Hollweg et al., 1982]. We
further assume that the fluctuations are caused by Alfvén waves propagating outward along radially directed
magnetic field lines in the high-frequency (WKB) limit. In this idealized case of radial symmetry, the back-
ground magnetic field contributions along the LOS cancel out across the proximate point, but the transverse
Alfvén waves propagating radially may contribute magnetic components along the LOS without cancelation.
These randomized waves are expected to be uncorrelated and therefore may be summed along a given LOS
as a random walk. Only waves having nonzero LOS-alignment add to the observed FR. These randomized
waves are expected to be uncorrelated and therefore may be summed along a given LOS as a random walk.
Finally, we assume that most FRFs originate near the proximate point where the plasma density is greatest.
Since only the LOS-aligned magnetic fluctuations contribute to the observe FRF, it is likely that only a fraction
of the total wave power is being captured in the radio observations.
We denote the Alfvén wave magnetic perturbation as δB, and the energy flux density (Poynting flux) as
Fwave ¼ 1μ0
δB2VA (5)
where μ0 is the permeability of free space and VA is the Alfvén speed. Here δB
2 includes components both
along and across the LOS. The effect of bulk plasma flow on the wave energy flux will be adressed below fol-
lowing equation (10).
Our first goal is to obtain an estimate of δBLOS from the observed FR fluctuation
δFR ¼ A∫ LOS neδBLOSdS (6)
where theconsolidationof constants andusing signal frequency8.4 GHzyieldsA= 3.35 × 1016m2 rad T1 and
δBLOS specifies the component of the magnetic fluctuation along the LOS, with positive being defined in the
direction of the LOS increment dS toward Earth. As given, this equation assumes δne/ne≪ δB/B.
The contribution of a single element, or “step,” to the random walk summation is
δFR2elem





is a mean-square LOS-aligned magnetic fluctuation element and Ls is the correlation length, i.e.,
the size of a single step. The correlation length may be approached in a number of ways. Some consider the
correlation scale as roughly equal to the spacing between magnetic flux tubes [Hollweg et al., 1982; Spruit,
1981], which can give Ls on the order of thousands of kilometers. Others [Spangler, 2002, Andreev et al., 1997]
have judged the correlation scale to be about one solar radius ormore, which would givemuch lower estimates
of δB. Here we use the interpretation given in Hollweg et al. [2010] equation (5a) to obtain Ls=5000 km at path
offset 1.63 R⊙. This sets the length scale along the LOS for a single transverse Alfvén wave at the proximate
point. Many such waves should be crossing the LOS at any given time, but only those fairly near the proximate
point will be passing through a high enough electron concentration to affect the FR appreciably.
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In the spirit of rough estimates, we take Ls, ne, and |δBelem| to be constant along the main FR-modulating
region for a given solar offset. Review of density and radial magnetic field profiles at solar offset 1.63 R⊙ deter-
mined that the main contributions to the mean square FR come from ~0.4 R⊙ to either side of the proximate
point. We therefore take 0.8 R⊙ to be the effective integration length S along the LOS. The heliocentric offset
distance along this relatively short integration path varies by only ~3%. The number of elements N contribut-




, we multiply equa-
tion (7) by S/Ls to yield the expression for the summated δB2elem
 
that was modeled to correspond to the
observed FRF RMS value:
δFR2obs
  ¼ A2n2e δB2elem
 
LsS (8)
which is equivalent to equation (7) in Hollweg et al. [2010].
For a sample calculation, we take the δFRobs RMS value to be 0.23 rad (from data in Figure 3a) at solar offset
1.63 R⊙. The corresponding electron concentration ne, extrapolated from Mercier and Chambe [2015] for the
equatorial Sun over 2008–2010, was 4 × 1012m3. The resulting RMS δB is 3.3 × 106 T. To obtain the energy
flux density using equation (5), an estimate for the Alfvén speed
VA ¼ Bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiμ0nempp
(9)
is necessary. Different approaches are available to estimate the local magnetic field strength B.
Pätzold et al. [1987] studied the radial dependence of B using Faraday rotation data, but their results describe
the field only down to 3 R⊙, too far from the Sun and too uncertain for applicability here. Similarly, Jensen and
Rusell [2009] analyzed HELIOS FR data at offset 4 R⊙, which is again too far from the Sun for our purposes.
Another approach is the use of coronal 3-D models, which are produced using composite, synoptic magne-
tograms for a given Carrington rotation. Such models are intended for quasi-static coronal analysis, and thus
pertinent for obtaining B near the proximate point. However, the coronal 3-D models typically underestimate
B. Bird and Edenhofer [1990] reported onmagnetic field strength discrepancies on the order of a magnitude. A
recent report [Jian et al., 2015] comparing different heliospheric models to in situ data at 1 AU indicated that
scaling factors of about 5 were typically needed to bring the models in line with the direct measurements.
Further studies are needed to improve the scaling and calibration of these models in the corona.
To find the approximate local magnetic field strength for our sample calculation, we used the CCMC MAS
polytropic model (http://ccmc.gsfc.nasa.gov/models) for 10 November 2009, obtaining a value of
7 × 106 T. Applying a scaling multiplier of 5 from Jian et al. [2015], we obtain the estimated coronal magnetic
field strength near the proximate point, 3.5 × 105 T. Then VA calculates to 400 km s
1, and the Alfvén wave
energy flux density to 7Wm2. Note we have scaled up the flux density by a factor “2” to take into account
putative Alfvénic magnetic field fluctuations that are perpendicular to the LOS. For radial magnetic field lines
lying roughly in the plane of the sky, transverse waves with perturbations along the LOS (out of the plane of
the sky) would contribute to the observed FRF, while those with perturbations in the plane of the sky would
not. It is this latter group of waves, assumed to represent half the total, that is incorporated into the flux cal-
culation by applying the factor of 2. If the background magnetic field lines had a substantial component
along the LOS, then we would have to apply a factor greater than 2. We also note that δB/B ∼ 0.1 in this ana-
lysis, which is intuitively reasonable and considered acceptable for linear perturbation models.
For comparison, the kinetic energy flux of the solar wind is
FSW ¼ 12 nempV
3
SW (10)
Using ne~ 4× 10
12m3, and solar wind speed VSW for this heliocentric offset as 50 km s
1 [Imamura et al.,
2014; Jones and Davila, 2009], the estimated FSW in the equatorial quiescent Sun is 0.4Wm
2. If we were
to include this value for the solar wind flow speed in equation (5) by replacing VA with VA+ VSW and also
by including the convection of wave kinetic energy [e.g., Hollweg, 1974, equation (17)], we would obtain
an increase of the wave energy flux density of about 20%. Using our simplified model it appears that low-
frequency equatorial coronal Alfvén waves may convey energy at a rate above that of the local solar wind
kinetic energy, although still only a fraction of that required to power full solar wind acceleration, which is
at least 100Wm2 when thermal and gravitational energy terms are included. However, as seen in
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Figure 7, variable surges in FRF RMSmay appear; a doubling of the RMS during a surge would boost the wave
energy flux density by a factor of four. In addition, the results are very sensitive to changes in electron con-
centration and the local magnetic field strength. If Ls scales as B
 1/2 [Spruit, 1981], then the energy flux den-





e . Even with the original modest FRF RMS of 0.23 rad, a variation in
background B, scaled up by a factor of 2, and number density lowered by a factor of 2, together produce a
16-fold increase in Alfvén wave energy flux density to an energetically important ~110Wm2. Further data
should be analyzed to evaluate whether our estimate of 7Wm2 is truly representative.
A number of uncertainties beset the energy flux calculations, reinforcing the point raised by Mancuso and
Spangler [1999] that the modeled wave energy is extremely dependent “on imperfectly known properties
of the coronal plasma along the line of sight.” Thus, progress on elaborating coronal magnetic energy trans-
port is inherently linked to the task of constraining the coronal plasma parameters and backgroundmagnetic
field intensity. This is particularly difficult in the lower equatorial corona, where complex temporally varying
open and closed magnetic structures may be present. Looking forward, the 3-D synoptic coronal computa-
tional models (e.g., from CCMC) may provide the needed structural framework to create sharpened FR ana-
lyses and improved magnetic field strength and plasma density estimates. And of course everything relies on
the crucial ansatz that the observed FRF are due predominantly to the magnetic fluctuations in outgoing
Alfvén waves, with little contribution from plasma density fluctuations. This, at least, is consistent with earlier
analyses of FRF observed using the HELIOS radio transmissions [Hollweg et al., 1982].
4.3. Conclusions
In summary, we have demonstrated millihertz FR fluctuations in the lower equatorial corona near solar mini-
mum. The fluctuations generally formed a power spectrum with a spectral index of 2.64 over frequency
range of 1.5–20mHz. Our findings are consistent with prior reports supporting the low-frequency coronal
Alfvén wave interpretation. A transient crescendo event with spectral power enhancements at 3.3 and
6.1mHz was detected. The estimated Alfvén wave energy flux density was above the local plasma bulk
kinetic energy flux density but provided only a fraction of the power required to accelerate the solar wind.
Even so, this fraction is quite variable and potentially escalates to energetically significant values with rela-
tively modest changes in magnetic field strength and electron concentration. Additional FRF studies on
the lower corona are desirable to further sample the range of possible wave energies and search for other
transient power surge phenomena. Continued investigation is warranted to understand these FR perturba-
tions in the broader context of coronal structure, wave transformations, and dissipation mechanisms.
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3
Radio Frequency Fluctuations
Electron density fluctuations are ubiquitous in the corona. The density inhomogeneities
when crossing the sensing LOS produce the observed radio frequency shifts in accordance with
the time rate-of-change in electron column density, Ne (section 1.4.5, Appendix C). Density dis-
turbances are of interest in study of the corona for their potential role in wave energy transport
and dissipation. In addition, simultaneous determination of the line-of-sight electron density fluc-
tuations and FRF analysis allows one to, at least coarsely, unlock the FR integral and decouple
the magnetic field variations from the density fluctuations (see Chapter 5).
3.1 Coronal electron density waves and oscillations
In the second publication, a detailed method of radio frequency fluctuation (FF) analysis is de-
veloped to give insight on the implied underlying waves and oscillations of electron density. The
key step was to equate the spectrum of FF with a spectrum of underlying density oscillations.
In Fourier analysis, the time-derivative of density sinusoidal oscillations is readily accomplished
computationally. Thus the fluctuation variance and fractional electron density fluctuation were
determined for the mid-corona. This key information facilitates the separation of density- from
magnetic-components in the FR integral.
43
Like FR, the FF power spectra also assume a negative power-law form. For the MESSENGER
2009 data in this paper, the spectral index1 was α = 0.55 ± 0.08 for ingress and α = 0.58 ± 0.10
for egress. These values are near the Kolmogorov-like turbulence spectrum for FF, α = 2/3.
The paper also included archival HELIOS FF data, found in 1970’s technical reports under the
name ”Doppler residuals”. The combination of MESSENGER observations with the HELIOS data
permitted frequency fluctuation analysis over SO range 1.4-25R⊙. The radial dependence of FF
variance, normalized to radio wavelength to allow proper comparison of MESSENGER X-band
to HELIOS S-band data, suggested a two-component model of the electron density fluctuations.
Through the mid-corona, the FF were modeled with acoustic or slow field-aligned magnetosonic
waves, while the FF in the extended corona were modeled as quasi-static spatial density inho-
mogeneities advected across the sensing path. In the mid-corona, solar wind outflow speed was
considered much below that of sound speed, leading to a model in which FF variance scaled with
electron density. As the solar wind speed increased, the regime changed at about SO 3R⊙; the
radial dependence of variance for the extended corona became less steep and variance model in-
cluded solar wind outflow speed. These results suggest that FF encodes solar wind outflow speed
information.
3.2 Article: Wexler et al. (2019), “Spacecraft Radio Frequency Fluctuations
in the solar Corona: A MESSENGER-HELIOS Composite Study”.
The Astrophysical Journal 87:202 (13pp).
1In this paper, the spectral index is presented using positive index notation for style conformity to other
literature; the actual log-log slope is negative.
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Abstract
Fluctuations in plasma electron density may play a role in solar coronal energy transport and the dissipation of
wave energy. Transcoronal spacecraft radio sounding observations reveal frequency fluctuations (FFs) that encode
the electron number density disturbances, allowing an exploration of the coronal compressive wave and advected
inhomogeneity models. Primary FF observations from MESSENGER2009 and published FF residuals from
HELIOS 1975–1976 superior conjunctions were combined to produce a composite view of equatorial region FF
near solar minimum over solar offset range 1.4–25Re. Methods to estimate the electron number density fluctuation
variance from the observed FF were developed. We created a simple stacked, magnetically structured slab model
that incorporated both propagating slow density waves and advected spatial density variations to explain the
observed FF. Slow density waves accounted for most of the FF at low solar offset, while spatial density
inhomogeneities advected at solar wind speed dominated above the sonic point at 6Re. Corresponding spatial
scales ranged 1–38Mm, with scales above 10Mm contributing most to FF variance. Magnetic structuring of the
model introduced radial elongation anistropy at lower solar offsets, but geometric conditions for isotropy were
achieved as the slab correlation scales increased further out in the corona. The model produced agreement with the
FF observations up to 12Re. FF analysis provides information on electron density fluctuations in the solar corona,
and should take into account the background compressive slow waves and solar wind-related advection of quasi-
static spatial density variations.
Key words: Sun: corona – Sun: oscillations – solar wind – turbulence – waves
1. Introduction
Coronal-heating and acceleration mechanisms remain a
challenging research focus in solar physics. Models for energy
transfer must account for both the propagation and dissipation
of energy from the photospheric sources to the coronal
expanse. Intense heating of solar plasma occurs in the transition
region and the base of corona, while the plasma acceleration
occurs at higher levels of the solar atmosphere, and out into the
extended corona. Alfvén wave propagation, which is initiated
by transverse motions of the emanating photospheric magnetic
field, remains a favored mechanism for transfer of energy into
the extended corona. Alfvén waves have been observed in the
chromosphere (De Pontieu et al. 2007), transition region and
base of corona (Tomczyk et al. 2007; McIntosh et al. 2011).
The corresponding Faraday rotation fluctuations observed in
radio sounding studies at various coronal heights (Hollweg
et al. 1982; Andreev et al. 1997; Jensen et al. 2013; Efimov
et al. 2015a, 2015b; Wexler et al. 2017) support the notion of
Alfvén waves continuing this energy transport out into the
corona and interplanetary space.
The search for mechanisms to explain transfer and dissipation
of the Alfvén wave energy in the corona garners continued
interest. Dissipation of propagating waves and associated
turbulence (Cranmer et al. 2015) constitute one important class
of coronal-heating models. Nanoflare-reconnection mechanisms
also warrant consideration (Klimchuk 2015; Sakurai 2017) in the
investigation of coronal magnetic energy release. Cranmer et al.
(2007) and Cranmer (2010) studied 1D simulations of MHD
wave dissipation. They modeled an Alfvén wave-based turbulent
heating rate for which the exact kinetic mechanism for energy
dissipation was not specified. Suzuki & Inutsuka (2005) studied
coronal energy dissipation in a 1D MHD simulation using
nonlinear Alfvén wave generation of compressive waves and
shocks. They found that the energy flux from the slow waves
increased with heliocentric radial distance (hereafter solar offset,
SO) in the corona, while that of the Alfvén waves decreased.
They concluded that slow longitudinal compressive waves may
be generated in the corona as part of the energy transfer and
dissipation process.
When directed along magnetic field lines in low-beta solar
plasma,8 longitudinal compressive waves may be considered to
be acoustic or slow magnetoacoustic (magnetosonic) waves. In
this paper, we will apply the terms slow waves, acoustic waves
and compressive waves with same intent. Compressive waves
have been directly observed as intensity fluctuations propagat-
ing from the photosphere to the chromosphere, and observed in
the lower corona (Nakariakov & Verwichte 2005). However,
unlike the Alfvén waves, the slow waves do not propagate far
into the corona. Damping of these waves indicates dissipation,
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which suggests their potential importance in coronal energy
transfer.
Observational studies of density fluctuations beyond the base
of the corona relies on radio sounding techniques. Transcoronal
spacecraft radio transmissions will exhibit center frequency
fluctuations (FFs) at the receiving radio telescope, caused by
refractive index variations in the coronal plasma associated
with electron density disturbances. The presence of coronal FF
is well-established and may present spectral characteristics that
are consistent with turbulence regimes in varying degrees of
energy cascade development (Efimov et al. 2010; Yakovlev &
Pisanko 2018). Coronal FF signify underlying plasma electron
concentration inhomogeneities that may include quasi-static
bulk turbulence features convected with the solar wind, as well
as compressive waves propagating within the wind (Efimov
et al. 1993). In this paper, we speculate that slow compressive
waves could be ubiquitous in the corona and contributory
to the observed FF power spectra particularly below the sonic
point, where the solar wind speed is less than the speed of
sound. Fast MHD waves could also produce FF, but may be
evanescent in the corona (Hollweg 1978). It has been proposed
that coronal magnetoacoustic waves are generated locally via
nonlinear interactions of Alfvén waves (Chashei et al. 2005;
Efimov et al. 2012).
Quasiperiodic component (QPC) FF spectral enhancements
appear intermittently in coronal radio sounding observations
(Efimov et al. 2012). Miyamoto et al. (2014) reported on the
radial distribution of slow compressive waves in the solar
corona using Akatsuki spacecraft radio occultation observa-
tions. They identified peaks in FF wavelet analysis and
quantified spectral power of the presumed quasiperiodic
density waves. They used these isolated QPC wavetrains to
estimate the fractional electron density fluctuation based on the
idea that the observed FF enhancements were produced wholly
by QPC density fluctuations. Their results supported the
presence of coronal compressive waves with amplitudes
sufficient for nonlinear effects to appear in the region where
solar wind initial acceleration occurs. However, estimates of
wave energy flux were 1–2 magnitudes less than values
obtained from the numerical model of Suzuki & Inutsuka
(2005).
In the present study we evaluate FF using combined data
from the MESSENGER 2009 and HELIOS 1975–76 coronal
radio sounding observations near superior conjunction. These
data give a composite picture of FF for the near-equatorial
regions close to solar activity minimum, providing information
for SO 1.4–25Re. Therefore, we explore the coronal regions of
slow solar wind formation and initial acceleration. We present
an approach to deduce the density fluctuation spectrum from
the power spectrum of observed FF, considering the system as
an ensemble of stacked magnetic flux tubes containing
uncorrelated density disturbances. Our model shows that
compressive waves might contribute significantly to the
observed FF at low solar offset, while advected quasi-static
spatial density variations impress the signature of solar wind
acceleration into the FF observations at solar offset beyond the
first few solar radii. In Section 2, we present the observational
data and methods to process FF. In Section 3, we present the
pertinent radio propagation theory and the method to determine
density fluctuation variance, and the related fractional fluctua-
tion parameter. Section 4 develops a two-component model of
the frequency measure fluctuation, and then provides the
parameters used to implement the model and gives results. In
Section 5, a comparison is made between the solar wind speeds
based on mass conservation in the flux tube and speed
predictions from an established isotropic turbulence bulk flow
model (Armand et al. 1987; Efimov et al. 2008), highlighting
differences in the lower coronal region for which quasi-static
isotropic turbulence models may be inapplicable. Our conclu-
sions are summarized in Section 6.
2. Observations and Data Reduction
Our composite data set consists of primary radio telescope
observations of the MESSENGER spacecraft in superior
conjunction near the solar minimum in 2009, and archival
results from HELIOS 1 and 2 over 1975–6, again with solar
activity near a minimum. Figure 1 illustrates coronal conditions
with magnetic field line models (Community Coordinated
Modeling Center, CCMC) and source surface synoptic magnetic
maps (Wilcox Solar Observatory) for representative Carrington
rotations 2090 (MESSENGER) and 1642 (HELIOS 2). In both
cases, the Sun was in a fairly quiet dipole configuration, with
equatorial region closed lines that are consistent with overlying
streamers.
The MESSENGER spacecraft radio data (X-band, 8.4 GHz)
were recorded with the 100 m Green Bank Telescope with dual
polarization feeds to allow determination of the polarization
position angles needed to analyze the Faraday rotation. The
technical details can be found in Wexler et al. (2017) and
Jensen et al. (2013). Here, we explore only the fluctuations in
signal frequency. The observations were recorded during
ingress to superior conjunction on 2009 November 8, yielding
5000 s of usable data over SO range 1.38–1.49Re. Egress
recordings were made on 2009 November 10, resulting in
14,400 s of data covering SO range 1.63–1.89Re. Figure 2
shows the approximate positioning of the points of closest
approach (proximate points) on the sounding line of sight
(LOS) during the MESSENGER observations, shown on
background coronal images for 2009 November 10.
The MESSENGER FF data were analyzed in a one-second
cadence from primary baseband data, which were recorded at a
5MHz sampling rate. For each one-second data frame, the
radio peak baseband frequency was determined by a Gaussian
curve best-fit algorithm applied to the power spectrum of the
radio signal. A sample 2000 s record of MESSENGER zero-
centered radio frequency data is shown in Figure 3(a). Clear
fluctuations are evident in the frequency time series (upper
panel), along with a slow trend attributed to Doppler shift from
the spacecraft motion relative to Earth. For such short data
segments, the slow trend was removed with a second-order
polynomial fit (Song & Russell 1999). The detrended data
constitute the FF time series (lower panel). In the literature, this
type data is variably referred to as Doppler residuals, Doppler
noise or just (frequency) residuals.
The power spectrum for the sample FF segment is shown in
Figure 3(b). Above ∼30 mHz, the power-law curve drops into
a flat spectral floor. The low-frequency power is reduced by the
detrend procedure, which reveals the spectrum that is believed
to more accurately reflect the underlying plasma density
fluctuations. The sample spectrum shows enhanced spectral
density over 5–7 mHz, consistent with a QPC. The variance of
FF, sFF
2 , was obtained from numerical integration over a
specified frequency band (see next section). The lower limit
was set by the record length and the upper limit was set to a
2
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frequency below which the power spectrum drops into the
noise floor (the theoretical upper limit may be as high as the
Nyquist frequency: 0.5 × sampling rate in s−1). Our practical
range for frequency integration to obtain sFF
2 was 1–28 mHz.
In the MESSENGER data, considerable variability was noted
in the spectral index. Sporadic presentation of localized
enhanced spectral power was noted. Individual data segments
showed spectral indices below or above the classic Kolmo-
gorov 2/3 spectral index9 for FF. The spectral index
determination is sensitive to the detrend method, frequency
range for index line fit, noise reduction, and smoothing, and
therefore should be interpreted cautiously in the present limited
data set. The spectral index was fitted over 1–10 mHz. Our
method for power spectral processing included extraction of
the mean high-frequency noise floor and application of a
5-point smoothing algorithm with 1:2:3:2:1 weighting. For the
MESSENGER data, we found the average spectral index in
ingress to be α=0.55±0.08 and in egress, α=0.58± 0.10.
The HELIOS FF data (S-band, 2.3 GHz) were obtained from
JPL’s Deep Space Network Progress Reports (Berman &
Rockwell 1975; Berman et al. 1976), already in integrated
form. These reports provided the best (i.e., smallest) noise
estimates by averaging three selected groups of 10–20 averaged
values judged to provide the lowest noise values (as rms) for a
Figure 2. Approximate positioning of the LOS proximate points during the
MESSENGER observations, shown on background images of STEREO B
COR1 (green hues starting at inner occluding disk rim) and SOHO LASCO C2
(orange hues) for 2009 November 10. The COR1 streamer configuration is
only approximate because STEREO B was aligned obliquely to the
MESSENGER LOS toward Earth. The central inset is an EIT 171 Å image
from SOHO for the same date.
Figure 1. Magnetic field modeling from solar surface to 2.5Re from the Community Coordinated Modeling Center. (a) CR 2090, MESSENGER egress data 2009,
(b) CR 1642, corresponding to part of the HELIOS 2 data 1976. Potential field source surface magnetic maps (2.5Re) for the Wilcox Solar Observatory:
(c) MESSENGER CR 2090 (d) HELIOS CR 1642.
9 Spectral index, α, is presented using positive index convention; the actual
log-log spectral slope is negative.
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60 s data sampling rate. The frequency data were obtained from
various DSN ground tracking stations: 11, 12 and 14 in
California, US, 42 and 43 in Canberra, AU and 61 and 62 in
Madrid, Spain. The HELIOS data were reported in two cycles
of observations for superior conjunction in 1975, covering
DOY 96–166, and DOY 227–251, and one cycle of
observations from HELIOS 2 in 1976, DOY 120–165. The
HELIOS data covered heliocentric offset range 2.22–25Re.
The FFs are sensitive to radio transmission wavelength λ
(see Section 3). We combined the MESSENGER and HELIOS
data sets by using the radio wavelength-independent rms FF




= ( ). 1FM FF
2
For the S-band observations, λ=0.1304 m and for X-band,
λ=0.0357 m. The frequency-fluctuation measure (FM) is
analogous to the rotation measure used for Faraday rotation. A
summary of the MESSENGER–HELIOS primary σFM compo-
site data is given in Figure 4.
To make the HELIOS frequency measure fluctuation
observations comparable to those from MESSENGER, two
factors needed consideration. The first was correction for the
HELIOS two-way signal exposure to plasma inhomogeneities.
In general, addition of variances for time series x and y may
combined as s s s= + ++ ( )xy2covariancex y x y2 2 2 . In comple-
tely uncorrelated x and y fluctuations, the covariance is zero, so
the addition of x and y variances is simply the sum of individual
variances. However, in the case of completely correlated x and
y signals, say x=y, the s=( )xycovariance x2 and the total
variance for the doubled path becomes s4 x
2.
Two-way transmission enhancement in HELIOS sounding
data was described by Efimov et al. (2004). In a two-way
regime, an outgoing terrestrial radio transmission crosses the
corona en route to the spacecraft. The spacecraft then returns a
phase-linked signal back through the corona to the receiving
system on Earth. Spacecraft transmissions sent from the outer
heliosphere should have fluctuations uncorrelated to those of
the original inbound signal because the coronal plasma density
inhomogeneities should have moved and changed during the
interval required to reach the spacecraft and back. For these
uncorrelated fluctuations, sFM
2 arising from a two-way path
would be twice that of a one-way observation. However, the
inner heliospheric positioning of HELIOS during the 1975–6
sounding campaign resulted in largely correlated fluctuations
on the return path, bringing the total variance to four times that
of a one-way trip.
An additional correction was required to compensate for the
difference in effective integration bands between HELIOS and
MESSENGER data. HELIOS observations, with one-minute
frequency residual sampling over an average of 15 minutes,
resulted in a frequency band 1.11–8.33 mHz. Assuming a
spectrum of the Kolmogorov form, the variance obtained from
Figure 3. Left-hand panel: time series of zero-centered frequency data. The upper panel shows the FF time series for a 2000 s analysis frame, at SO 1.675 Re. The
dashed line is the second-order polynomial used to remove the slow trend attributed to the Doppler shift of spacecraft motion. The lower panel shows the FF time
series after the detrend procedure was applied. Right-hand panel: power spectral density (PSD) of the FF analysis segment. The detrend procedure mostly affects low-
frequency spectral power, as shown with the dotted line. In this sample, enhancement of spectral power over 5–7 mHz relative to the background spectrum is noted.
Figure 4. Composite of the frequency measure fluctuations, σFM. The
MESSENGER data were obtained in a one-way radio configuration. The
2-way HELIOS data shown here were taken directly from JPL technical reports,
normalized to radio wavelength, but not yet corrected for correlated 2-way
propagation inhomogeneities and the difference in effective frequency band.
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the 1.11–8.33 mHz band was about half the variance obtained
over 1–28 mHz, to within 5%. Combining the two separate
effects on HELIOS variance, the Doppler residuals were
multiplied by two for the bandwidth correction but divided
by four to correct for the correlated two-way propagation.
Taken together, the net correction was a division of the
reported HELIOS variances by two (rms by 2 ), to
approximate equivalence with the one-way MESSENGER
variance.
3. The FFs Model
Radio propagation theory indicates that variations in the signal
frequency observed at the radio telescope, fobs, are related to the
original transmitted frequency, f0, by fractional Doppler shift due
to spacecraft velocity Vrel relative to the radio LOS, and the time
rate of change in electron density across the LOS (Efimov et al.
2007; Pätzold et al. 2012; Jensen et al. 2016); also see Hollweg
& Harrington (1968), Vierinen et al. (2014):















where l = c
f0
is the radio transmitter wavelength, c is the speed
of light, ne is the electron number density, dS is the LOS
integration path increment and the classical electron radius,
= ´ -r 2.82 10e 15 m, is
p







S.I. units are used throughout unless otherwise noted.
Here we develop a simplified coronal model consisting of
stacked slabs (Figure 5), which is intended to represent the
series of parallel, uncorrelated density fluctuation structures
through which the sounding radio signal passes. In each slab,
we treat the electron density as varying in time and space along
the solar radial axis but vertically constant at a given moment
over the integration element length LLOS. The slab height (or
width) is set to the correlation scale of field line fluctuations
based on local magnetic field strength (see Section 4). Thus the
slabs are partitioned, by magnetically controlled scaling, into
horizontal elements that contain the density fluctuations. Note
that the slabs are defined within the continuous coronal
magnetic field.
When the Doppler shift is removed by a suitable detrend
procedure (assuming that the spacecraft motion is a slowly
changing variable that can be well-represented by trajectory
data or a mathematical function), then the equation for
instantaneous FF of the radio signal frequency, d =( )f t
-( )f t fobs 0, for a single slab simplifies to
d
p






The electron number density includes a mean electron
number density ne(r) and a fluctuating component of amplitude
dne. Only the fluctuating component will contribute to the
observed FF. For a density oscillation of form d =( )n te
d w-n expe i t , the time derivative has magnitude wdne. This
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Then, using the FF power spectral density for a data segment
of temporal length T, notated w∣ ( )∣FF 2 and given as
* d d{ ( )} { ( )}f t f t
T
1 , we find
w
p








where d w∣ ( )∣ne 2 is the corresponding power spectral density of
electron concentration fluctuations.
In terms of the oscillation frequency in Hz, n w p= 2 , and
converting to radio-wavelength normalized fluctuation measure
FM (Equation (1)), we obtain
n n d n=∣ ( )∣ ∣ ( )∣ ( )r L nFM . 7e e2 2 2 LOS2 2
The electron concentrations along the LOS are generally
greatest near the proximate point. The heliocentric distance, R,
to the proximate point is the “solar offset” (SO). This radial
distance, when given in solar radius units (Re), will be notated
r; = R rR . For radio sounding studies, the LOS integration
path lengths are typically considered SO/2 in either direction
from the proximate point for spherically symmetric coronal
models, giving an effective integration length Le equal to R.
The randomized density fluctuations of individual elements
combine on the LOS as a sum of individual variances. Using
Equation (7) for a single slab, multiplication by the number of
stacked elements R LLOS gives the relation between the FM
spectrum and the underlying ne fluctuation spectrum as
n n d n=∣ ( )∣ ∣ ( )∣ ( )r L R nFM . 8e e2 2 2 LOS 2
Thus knowledge of the FM power spectrum from observa-
tions can be readily used to determine the implied electron
density fluctuation power spectrum (Figure 6). Note that this
expression does not depend on which physical mechanism
(e.g., propagating waves versus bulk outflow of density
inhomogeneities) produces the density fluctuations on the
sounding LOS. There is no assumption about the state of
turbulence. We will clarify these contributions in Section 4.
In a pure radial slab configuration, the LOS contributions
would increase with azimuthal fan-out angle f as fL cosLOS .
For a fan-out from the equator of no more than ±30°, the
maximum increase would be about 15% at the wings and most
of the LOS path would have an increase in LLOS of less than
10%. We chose the simplified scheme of stacked horizontal
elements to represent the radial slab structures (f=0).
Figure 5. The simplified scheme of oscillating density fluctuations aligned
parallel to the magnetic field, in a series of stacked slabs. Each horizontal strip
contains plasma density oscillations, illustrated by brightness variations. LRAD
is the horizontal length scale for convected quasi-static density disturbances.
The vertical scale LLOS corresponds to magnetically determined correlation
length. The bulk plasma frame outflow speed is VSW. Density fluctuations
combine with random-walk statistics to yield the rms fluctuation for the
effective LOS, Le.
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Integrated measures are used to represent the spectral density
information in consolidated form to facilitate comparisons. The
HELIOS data were only available in the form of variances and
were unavailable as primary spectral data. This limitation
required Equation (8) to be reworked into a format based on
integrated quantities. The goal is to obtain the number density
fluctuation information based on knowledge of the FF spectrum
or even just the FF variance.





frequency integration range [a,b] by


























These variances, which are represented as filled areas under
the curves in Figure 6, can be obtained by numerical integration
when the FM power spectrum is specified. In contrast, the
HELIOS FF data were given only as variances, so we treated
the curves as idealized, single power-law spectra in order to
estimate sne as follows.
Assuming that the FM power spectrum follows a power law
of the form n zn= a-∣ ( )∣FM 2 , we may evaluate the integrals in
































For a known sFM
2 and α, we can estimate ζ observationally,
although it cancels out in the subsequent Equation (14). We
tested relation (10) with 2000 s MESSENGER data segments
and found that, when using spectral index fitted over 1–10 mHz
on the power spectrum, the estimated variance matched the
computationally integrated value for range 0.001–0.028 Hz
within 10%.
Equation (8) can be placed in the form of variances for FM
and dne by integrating both sides using expressions (9)–(11),
then substituting in relations (12) and (13) to obtain
s n s= ( )r L R 14e c nFM2 2 2 LOS 2e




























can be estimated from known sFM
2 if spectral
index α is known or well-approximated. This specific electron
number density variance is pertinent only for the given
frequency range, here 1–28 mHz. Similarly, the scaling
frequency νc is linked to the specific integration frequency
range (the “observation window”) and the applicable spectral
index for the data under study.








where the mean local electron number density ne(r) may be
estimated by a parameter model or calculated from dual-










This is the observational model for ò based on randomized
density fluctuations on the LOS in a stacked slab coronal
plasma. It is important to note that while ò is a useful marker of
electron density disturbances, the values must be interpreted in
the context of the specific integration frequency limits,
accuracy of νc (knowledge and stability of the spectral index)
and suitability of the electron number density model. All of the
factors that influence σFM, such as of shifting frequencies on
the sounding LOS from acceleration of the solar wind, may be
impressed into the observational determination of ò. In the next
section we will implement Equation (17) to present the ò
derived from the MESSENGER/HELIOS FF observations
then develop a two-component density fluctuation model that
incorporates the effect of solar wind outflow.
4. Implementation and Results
A number of coronal electron number density models exist,
several of which are reviewed by Bird & Edenhofer (1990). A
standard model for electron number density is the Allen–
Baumbach formula, which was derived from coronagraph
eclipse observations of the K-corona:




⎠( ) ( )n r r r
2.99 1.55
10 18e 16 6
14
in m−3. The first term on the right is important at close SO,
<» R1.2 , while the second term was intended to be applicable
out to 2–3 Rs. The model assumes spherical symmetry. To
extend the range of number density estimates into the extended
corona, a third term with a near inverse square power
Figure 6. The electron density fluctuation power spectrum dne
2 (upper, blue
curve) is calculated from the FM power spectrum (lower, thick red curve) FM2
using Equation (8). The variances sFM
2 and sn
2
e are integrated quantities shown
as the hatched and light filled areas respectively, in the 0.001–0.028 Hz
frequency band.
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relationship is usually added. The deviation from an exact 2
exponent in the added term is attributed to acceleration of the
solar wind (Pätzold et al. 1997). Advanced models may also
specify the heliolatitiude.
Number densities may be an order of magnitude higher in
streamer regions than in the fast solar winds above coronal
holes. This is of considerable significance to our study of the
equatorial regions near solar minimum, when the streamers are
usually organized broadly about the equatorial zones. Patzold
et al. (1987) review electron number density models pertinent
to the 1975–1976 HELIOS data that we used in this study.
They present the results from Edenhofer et al. (1977), which
give the formula for number density in the 1976 HELIOS data
based on ranging time-delays of the spacecraft radio signals:




⎠( ) ( )n r r r
30 1
10 . 19e 6 2.2
12
Their formula was intended to represent the number densities
over < < R R3 65 . Hollweg et al. (2010), while fitting results
from Cranmer et al. (2007), provided a number density model
for a streamer along heliolatitude 28° over < < R R2 30 :
= ´ - -( ) ( ) ( )n r r7.68 10 1 . 20e 11 2.25
We reasoned that Equation (20) was well-suited for our
HELIOS data but that an additional term applicable to the low
solar offset MESSENGER data would be needed. For this
purpose, we used the average of 2008 and 2010 equatorial
electron number density determinations from Mercier &
Chambe (2015) fitted over 1.2–1.5Re. The resulting hybrid
formula (hereafter, Mercier–Hollweg formula) that was used in







⎠⎟( ) ( ) ( )n r r r
65 0.768
1
10 . 21e 5.94 2.25
12
In Figure 7, we show a comparison of these electron number
density models. The hybrid model used for our analysis is
shown as a dashed line.
LOS element integration length LLOS (sometimes referred to
as the correlation scale), in our model is considered equivalent
to the magnetic autocorrelation scale, which is related to
spacing between photospheric magnetic flux tubes where the
field line perturbations originate. This width has been related to
the inverse square root of background magnetic field strength
(Spruit 1981; Hollweg et al. 1982). We set the LOS element
integration length according to Hollweg et al. (2010), as used in
their analysis of HELIOS Faraday rotation fluctuations:
= ´ ( )L r3.35 10 22LOS 6 0.918
in meters.
The results for Equation (17), ò as a function of solar offset,
are shown in Figure 8(a). Individual data points were calculated
using the observational input σFM, spectral index α=0.5 and
frequency integration limits 0.001–0.028 Hz; νc=0.0036 Hz.
If we accept the number density model Equation (21) as being
accurate for this data set, then the uncertainty in ò is dominated
by the variation in νc, and thus by choice of spectral index. For
the HELIOS data, the spectral index had to be guessed—we
chose α=0.5 but considered this accurate only within a
factor of two. By using a factor of two change in α for the
MESSENGER data of known spectral index and directly
computed ò, we found that the uncertainty in ò was 30%.
The vertical error bars in Figure 8(a) show the effect of this
factor of two uncertainty in α. This figure also shows the
results using the two-component ò model that is developed
next (Equation (34)), applied with α=0.3, 0.5, 0.67 and
uncertainty bands shown for the α=0.5 model results.
The baseline level for fractional density fluctuation found over
S.O. ∼1.4–1.7 Re is about 0.017. There is modest increase in ò
up until 5Re, and then there is a sharper rise in values over
5–7Re. This pattern of increasing fractional electron density
fluctuation with increasing solar offset has been reported
previously, e.g., (Hollweg et al. 2010; Miyamoto et al. 2014).
However, the reasons why ò increases with increasing solar
offset remain speculative. Miyamoto et al. (2014), following
Suzuki & Inutsuka (2005), suggested that the ò increases found
in quasiperiodic wave spectral enhancements were due to locally
generated slow density waves related to nonlinear Alfvén wave
interactions, and thus a stage of energy transfer within the
corona. Others, like Hollweg et al. (2010) present the result more
phenomenologically, building the case that the fractional density
fluctuations, whatever their source, were too small to account for
the observed coronal Faraday rotation fluctuations.
It is useful to compare the plot of ò in Figure 8(a) with
estimated solar wind speed, VSW, and the speed of sound, Cs, in
Figure 8(b). The speed of sound is found from
g





with ratio of specific heats γ=5/3, proton mass mp,
Boltzmann constant kB and coronal temperature T in Kelvins.
Coronal temperature was estimated by a fit to data presented by
Newkirk (1967), in which it was considered = =T T Ti e based
on the available information. Specifically the coronal temper-
ature was estimated as
= - +( ) ( )T rlog 0.54 log 6.30 24
such that the temperature dropped from ´2.2 10 K6 at the
solar surface to ´0.4 10 K6 at SO=20Re.
Figure 7. Electron number density models. Our composite model, combining
the fit from Mercier & Chambe (2014) with the second term from Hollweg
et al. (2010), is shown with a dashed line. For comparison purposes, the Allen–
Baumbach, Hollweg and Edenhofer models are given.
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The solar wind outflow speed, VSW, is modeled on mass
conservation in the horizontal slab elements:
= ( )n L V constant. 25e LOS2 flux
To enact the wind speed model, we specify =V 250flux km s−1
at r=20Re. This is a reasonable value for slow solar wind
speed at that solar offset, in accordance with studies in optical
(Sheeley et al. 1997), radio intensity scintillation (Imamura
et al. 2014) and dual-frequency radio analysis (Muhleman &
Anderson 1981). The modeled solar wind speeds and sound
speeds are shown in Figure 8(b). The sonic point is at ~ R6 ,
which is consistent with the – R5 7 range mentioned by Efimov
et al. (1993), and intermediate between lows of 2.5Re (Suzuki
& Inutsuka 2005) to R3.5 in wave-heating simulations
(Cranmer et al. 2007) and an upper range 12–14 Re discussed
by Yakovlev & Pisanko (2018).
It is interesting that the inflection in ò, at r=6Re, occurs in
the region of the estimated sonic point. This observation
suggests the possibility that the observed FF may be dominated
by the “frozen-in”, and slowly changing, advected density
inhomogenieties near and above the sonic point. Propagating
slow compressive waves (acoustic or slow magnetoacoustic)
could then provide the main contribution below the sonic point.
We now explore the basis for the observed increase in ò with
increasing solar offset. The key observational input is σFM. In
our method, the “observational window” is a fixed bandwidth
[a,b] that is built into the scaling frequency νc, such that an
observed increase in σFM must be associated with a corresp-
onding increase sne for a given SO (see Equation (14)). We
investigate whether the advection of density disturbances
across the sounding LOS by solar wind bulk outflow can
explain the radial dependence of observational ò that was
demonstrated in Figure 8(a).
A two-component model for ò and sFM
2 is proposed, based on
two premises: (1) the quiet, equatorial corona must have some
basal spectrum of density inhomogeneities from propagating
slow density waves and quasi-static spatial density variations,
and (2) the density oscillations advected with the solar wind
flow present frequency-shifted spectral information to the
sounding LOS observational window. Given the negative
power law form of the density and FM fluctuation spectra, a
right-shifted power spectrum will bring increased power into
the fixed observational frequency window. It will be shown that
the propagating slow density waves will dominate the
observational σFM and ò at low S.O., while the advected
spatial spectrum of density variations will dominate when the
solar wind speed prevails over the local speed of sound.
The two-component model that is developed below requires
a number of assumptions and the use of established parameter
formulae. Specifically, it will require models for radial
dependence of the speed of sound, solar wind outflow speed,
coronal streamer background electron number density and a
choice of characteristic length scale for the quasi-static spatial
density variations. We assume that a baseline level of
fractional density fluctuation, òBL is present throughout the
coronal region under study when referenced to the comoving
solar wind frame and the same frequency band (here,
1–28 mHz). Our starting point is  = 0.017 0.002BL , as
found from results in Figure 8(a), averaged over S.O.
1.4–1.7Re, where there is relatively little effect from solar
wind. Given that we wish to provide the simplest explanation
for the SO-dependence of ò with the fewest assumptions, we
set òBL to apply equally as the fractional rms amplitude for
both the density waves and the spatial inhomogeneities. In
addition, it should be noted that the possibility of òBL
changing with time or position is not considered in this model.
The model that we propose can be modified to incorporate
such refinements when new data that allow discrimination of
density sources become available.
In this model, we predict that the increase in observed ò
(Equation (17)) relative to òBL will be the ratio of a shifted
scaling frequency νshift, which includes the effect of advection
Figure 8. (a) Fractional electron density fluctuation ò (crosses), as calculated (Equation (17)) for the specified integration frequency band and with α=0.5; the wide
error bars are due mostly to factor of two uncertainty in α. The solid line shows the model for ò developed from combined acoustic wave and convected density
variances (Equation (35)). The model itself has only modest sensitivity to choice of α but the error bars are wide, primarily due to uncertainty in νc which is highly
sensitive to α. (b) Modeled mass flux speed Vflux and sound speed Cs. The plasma speeds for mass conservation in the flux tubes were used to represent solar wind
speed VSW in implementation of the FF model.
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across the sounding LOS, to the native scaling frequency νc:
  n
n




Since òBL and νc are known, the problem reduces to specifying
νshift for acoustic waves and spatial density variations advected
with the solar wind, as a function of solar offset.
Acoustic waves introduced at the lower corona are expected
to damp out quickly, but turbulent actions in the corona could
be expected to produce density waves locally. Our modeled
density wave component is therefore considered to be a
spectrum of locally generated slow waves exhibiting a baseline
level of density fluctuation throughout the coronal region under
study. Furthermore, we consider that the slow waves may travel
in either direction at the speed of sound, Cs. With advection
outward at solar wind speed VSW, we will have a combination
of speeds +V CsSW and -V CsSW at the sounding LOS. When
combined equally in quadrature, the rms speed is =Vacous
+V CsSW
2 2 . The characteristic source frequency of the
acoustic wave is fwave and the length scale for the acoustic
waves is =L C fsacous wave. In the context of Equation (14),
n=f cwave is specific to the given observational frequency
band. The shifted acoustic wave frequency, n =shift,acous












As SO increases, the effect of solar wind speed cannot
be ignored. For the acoustic waves, Equation (14) may be
adapted to
s n=
+ ( )r V C
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At low SO, where V CsSW , n n» cshift , Equations (28)
and (29) simplify, and the results for baseline fluctuations are
demonstrated. The results for Equation (28) are shown with a
dashed line in Figure 9. The acoustic waves cannot explain the
σFM findings beyond about R3.0 . One change to the model to
keep the density waves pertinent at higher SO could be to
increase òBL, which is the underlying amplitude of density
wave fluctuations. This was the approach taken by Miyamoto
et al. (2014). The alternative is to introduce quasi-static spatial
density variations that produce FFs on the sounding LOS as the
variations are advected by the solar wind bulk flow. There is
considerable intuitive appeal to bringing in this latter approach.
In a general sense, the moving quasi-static density variations
may roughly correspond to the “Sheeley blobs” (Sheeley et al.
1997) and more recent optical demonstrations of outflowing
intensity enhancements (DeForest et al. 2018). In addition, the
density variations will tend to be streamed radially, potentially
introducing an element of SO-dependent anisotropy (roughly
defined >L L 1RAD LOS ) in the correlation-scaled slabs. An
exploration of anisotropic features will help to compare our
model with work based on isotropic symmetric corona models
(see the next section).
Quasi-static spatially distributed plasma density inhomo-
geneities advected past the sounding LOS result in FF. Let
LRAD be the characteristic radial length scale of the density
inhomogeneities. Assuming the radial (∼horizontal) orientation
of the system, the frequency of the density fluctuations νshift on
the observing LOS is found from the time derivative
= · ( )d
dt
V . 30rad
The solar wind speed VSW is assigned as Vrad and
 ~ L1 RAD.
In analogy to the formulation for acoustic waves
(Equation (28)), the advected spatial variations contribute to

































in accordance with Equation (26).
The model is completed by combining the component
variances
























We assign a value to LRAD from observational results
at r=10Re using Equations (33) and (34). Using the
Figure 9. The composite MESSENGER–HELIOS frequency measure observa-
tions, shown with results of the FF model of combined component variances
(Equation (30)). Acoustic wave contributions with òBL=0.017 are shown with
a dashed line, while the convected spatial density variations with
LRAD=12,000 km are shown with a dotted line. Uncertainty limits for the
model are indicated with the dotted–dashed lines.
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mean observed s = 1.80 HzFM m−1, =V 160SW km s−1, Cs=
85 km s−1 we find =L 12,000RAD km for òBL=0.017 and
n = 0.0036 Hzc (based on α= 0.5, Equation (15)). We hold
LRAD constant for the SO range under study.
Note that our approach uses a two point calibration: òBL is set
from the low SO observations where acoustic waves dominate
the observed fluctuations, whereas LRAD is set at higher SO
where the advected quasi-static density variations dominate the
results. The calibration is specific to the frequency integration
range and α used to obtain νc and to the SW speed model used
to determine LRAD.
Results of the two-component variances model are shown in
Figure 9. The acoustic waves account for most of the observed
frequency measure fluctuations up to about 3Re. The crossover
between acoustic and spatial density variation dominance is
apparent above 3Re, and the components are distinctly
separated by the estimated sonic point of 6Re.
For an estimate of uncertainty, we combined in quadrature
the fractional component uncertainties in ne, LLOS and ò. Since
our ne model was specifically constructed from results reported
for epoch-relevant MESSENGER and HELIOS observations,
we estimate the uncertainty in ne to be no more than a factor of
three. Uncertainty in LLOS is based on magnetic field strength
uncertainty, which is also guessed to be within a factor of three,
but taken by its usage as the square root. Uncertainty in ò was
taken to be 30%, as above. The combined uncertainty in σFM is
a factor of 3.7.
The results of òmodel (Equation (34)) are plotted as lines over
the observationally determined individual values for ò in
Figure 8(a), using representative α assignments of 0.3, 0.5 and
0.67. The error limits for the α=0.5 model in Figure 8(a)
(dotted lines), assuming the ne model to be accurate, are
derived from the combined uncertainties in òBL (10%), νc
(30%) and estimated SW speed (25%).
The MESSENGER and HELIOS composite data form a
continuous curve, despite the 34 year separation in observa-
tions that were taken by different teams on different
instruments. The combined variances model fits the observa-
tions fairly well up to about 12Re. The scatter becomes greater
above SO 12Re, where a distinct diminution of σFM beyond the
uncertainty limits is apparent. This indicates a breakdown in
the assumptions used in the model, with structural and dynamic
changes in the corona. These changes might readily affect the
power spectral index, electron density power law and
turbulence spatial scales. Electron number density can vary
up to an order of magnitude between the coronal holes and
streamers (Pätzold et al. 1997), so we we raise the possibility
that the outlier HELIOS measurements beyond 12Re were
obtained while the sounding LOS was outside a dense streamer
region. Clarification of this matter will require analysis of other
data sets.
The close match between the model and observations at low
SO are particularly revealing because we expect complex,
predominantly closed-field magnetic geometry in the equatorial
regions out to at least the magnetic field “source surface” at
about 2.5Re. In this regime, we would expect little effect from
advected quasi-static density variations because the solar wind
is poorly developed and flux tube orientations probably deviate
from the radial flow scheme. However, the acoustic density
waves could still contribute to FF fluctuations on the LOS,
even with non-radial orientations. Until r=3Re, σFM trends
with the acoustic wave component, as shown in Figure 9. These
findings are consistent with the presence of compressive waves
in the lower corona that contribute to observed frequency
measure fluctuations, even when bulk plasma flow is slow and
wave vectors are non-radial.
Our two-component model (Equations (33) and (34))
reproduces the observations fairly well up to r=12Re without
introducing any arbitrary changes to the parameters to obtain a
fit. Our model operates using three fixed parameters, òBL, LRAD
and νc . The first two are found by calibration to the data at SO
1.4–1.7Re and 10Re respectively, and the last is fixed by the
frequency integration limits and the spectral index of the FM
power spectrum. Aside from the constant re, the remaining
variables are dependent on solar offset r: ne(r), VSW(r), Cs(r),
LLOS(r) and R=rRe. If we were to fit the findings with
advected acoustic waves only, as in the work by Miyamoto
et al. (2014), then òBL would be forced to increase with
increasing SO—the mechanism remains speculative (Suzuki &
Inutsuka 2005). While we cannot be certain that the observed
FF are not due entirely to advected acoustic waves or entirely
to advection of the quasi-stationary disturbances, it is
promising that no parameters had to be adjusted arbitrarily
using the two-component model.
Generally speaking, FF due solely to advected spatial density
variations would be expected to produce little FF in the low SO
region because Vsw is small. We could compensate by lowering
LRAD at low SO. However, it would be odd to shrink the spatial
length scales at low SO—if anything, we should find length
scales shortening as the turbulent cascade evolves with
increasing increasing SO. However, it is reasonable to consider
that LRAD as a fixed or slowly changing variable may apply
only over a limited SO range. These adjustments to our model
will require further data in future work.
There is also observational evidence to argue against use of
advected spatial density variations exclusively in the model.
We found no consistent differences between ingress and egress
observations. If Cs was small or absent and spacecraft projected
motion was a significant fraction of VSW, then we would expect
σFM to be larger in ingress than in egress due to a differential in
speed of density disturbances moving across the LOS. This
differential effect would be most noticeable at low solar offset,
where VSW is comparable to the MESSENGER LOS speed
VMSR of about 13 km s
−1. In this regime, the effective speed of
fluctuations across the sounding LOS during ingress would be
increased by VMSR, whereas in egress it would be decreased by
this amount. Our model explains this lack of observed
difference between egress and ingress results by inclusion of
compressive waves moving at the speed of sound, which is
well above VMSR and makes the difference negligible.
5. Isotropic Quasi-static Turbulence Model
We now give consideration to an alternative, well-studied
model that is based on the bulk outflow of “frozen-in”
turbulence across the sounding LOS. A number of early studies
on radio scattering laid the groundwork for this model (e.g.,
Hollweg & Harrington 1968; Jokipii 1973; Woo 1978).
Armand et al. (1987, 2003) and Efimov et al. (2008, 2010)
presented an isotropic turbulence model to evaluate coronal FF.
Their model assumes a quasi-static isotropic 3D spatial electron
density inhomogeneity spectrum. This spatial density inhomo-
geneity pattern moves with the solar wind across the sounding
LOS to produce the observed FF, without contribution from
propagating density waves. Spectral index α characterizes the
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frequency-dependence of the turbulence spectrum and appears
prominently the final formula. In wavelength-normalized
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where νup and νlow are the upper and lower integration limits
used in the power-law portion of the FF power spectrum, L0 is
the outer scale of turbulence (Bird et al. 2002), òru is the
fractional density fluctuation as determined in this particular
paradigm and the other parameters are the same as described
earlier. One may solve Equation (35) for VSW by applying the
σFM observations and the parameter estimates that are used
above. It is necessary to assign a value to the estimated
fractional fluctuation parameter, òru. We note that the bracketed
portion of (35) serves as the scaling factor on òru based on the
frequency integration limits and spectral index α. We roughly
equate our baseline fractional fluctuation parameter òBL to òru
using the bracketed scaling factor. For the practical integration
limits νup=0.028 Hz and νlow=0.001 Hz, and α=0.37 (see
below), òru=0.129. The relatively large òru value is related to
the theoretical development from the outer scale of turbulence,
which is associated with a low wave number and widened
frequency limits in the definite integral for determination of
variance. In contrast, our formulation of òBL was already
defined by more restricted frequency limits of integration, and
therefore presented a smaller fractional fluctuation value.
For the outer scale of turbulence, we used
= m( ) ( )L r A r 360 0
with A0=0.23±0.11 Re and μ=0.82±0.13 as given by
Bird et al. (2002). The outer scale of turbulence has significant
uncertainty, and is particularly poorly documented for low solar
offset.
Spectral index α measurements are known to exhibit high
variability, but is generally agreed to be less than the
Kolmogorov value of 2/3 in the inner coronal regions and
gradually increases to the Kolmogorov value by heliocentric
distance ≈15 Re (Efimov et al. 2010; Yakovlev 2017). For
illustration, we used α=0.37, a reasonable intermediate value
between our MESSENGER finding of 0.55–0.58 and the values
around 0.2 that are shown in Yakovlev (2017). The number
density model was kept the same as used earlier
(Equation (21)), and we again used Le≈R.
Figure 10 shows solar wind speed derived from the isotropic
turbulence model (Equation (35)), compared to the speed curve
Vflux from Equation (25). Above 7 Re, the scatter is high but the
trend does follow the speeds predicted by mass flux conserva-
tion. The considerable scatter reflects the dispersion in the σFM
results seen in Figure 5. Up until about 5Re, the spread in the
data is small and the corresponding outflow speeds are tightly
grouped. Over 2–7Re, the isotropic turbulence model under-
estimates solar wind speed when compared to the expected mass
flux speeds. Larger wind speeds at low solar offset would have
required smaller òru or increased L0. Similar estimates for solar
wind outflow speed below R7 can be found in other radio
sounding studies, such as the work by Imamura et al. (2014).
Their model for evaluation of intensity scintillations was also
founded on the bulk flow of a quasi-static isotropic three-
dimensional spatial turbulence spectrum, with the Kolmogorov
spectral index assigned.
The lack of anisotropy in the classic models may help to
explain the low wind speed estimates at low solar offset. Our
model intrinsically introduced the possibility of anisotropy in
the sense of setting the characteristic radial length scale LRAD to
the spatial density length along the horizontal slab, while
separately setting the vertical integration length LLOS to
the expected local field line oscillation correlation length. We
consider anisotropy as L LRAD LOS greater than one. The
observed sFM






, along the LOS integration path. Over the
effective LOS integration path, »L Re , there are R LLOS such
element variances, so the total LOS column density variance is
s L Rn
2
LOSe , as contained in Equation (14). By the same
reasoning, the isotropic case roughly replaces LLOS with Liso,
the length scale for isotropic spatial turbulence set for the
specific observational frequency limits. Then, the column
density fluctuation variance is s L Rn
2
isoe . Since Liso is greater
than LLOS at low SO, the isotropic model produces a larger
column density fluctuation and forces a lower calculated VSW
for a given sFM
2 than does the stacked slab model, until
=L LLOS iso. This lowering of the calculated velocity with the
isotropic model is seen in Figure 10 below ∼7Re.
Although LRAD=12,000 km at the scaling frequency
νc=3.6 mHz, most of the spectral power resides in the low
frequencies; e.g., 1–2 mHz, with corresponding length scales
19–38Mm. The axial ratios associated with a radial length
scale of say, 30Mm, fall from 5 at r=2Re to about 1 at
r=12Re. Armstrong et al. (1990) demonstrated field-aligned
density fluctuations with similar increases of axial ratio at low
SO. Anisotropy was also demonstrated in coronal magnetic
fluctuations inferred from Faraday rotation observations
(Andreev et al. 1997). In our model, shorter length scale
components reach equivalence to the correlation scale LLOS at
lower solar offsets than do the larger scale components. The
anisotropy therefore fades to isotropy over a range of solar
offsets for the range of length scales under study. If we take
r=7Re as the transition to mostly isotropic behavior in the
Figure 10. Solar wind velocity results using the isotropic turbulence equation
(solid line—trend; dots—individual data points). For comparison, the Vflux
(mass continuity) curve is shown as a dashed line. The illustrated error limits
were based only on the uncertainty in the outer scale of turbulence.
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stacked slab representation, then it is then of considerable
interest that the Efimov–Armand isotropic turbulence model
produces solar wind speeds similar to our mass conservation
speeds starting at r=7Re, at least out to 12 Re.
In the study of coronal slow compressive waves by
Miyamoto et al. (2014), the transverse integration length was
equated to radial wavelength, essentially forcing a sort of 2D
isotropic behavior into the results at all solar offsets. Since the
isotropic condition may result in low wind speed estimates
and/or low fractional density fluctuation ò determination, the
low values ò<0.01 at close solar range found by Miyamoto
et al. (2014) are not surprising. However, the physical
interpretation of these diminished fractional density fluctuation
estimates is unclear. Our fractional fluctuation baseline of
0.017 is somewhat low compared to Hollweg’s value (Hollweg
et al. 2010) of ∼0.023–0.031, probably due to our lack of the
higher amplitude, sub-mHz components that were missed by
our 1 mHz low frequency integration cut-off.
An additional difference between our study and that of
Miyamoto et al. (2014) is that they only evaluated selected
segments that show the quasiperiodic component properties,
presumably attributed to strong singular density waves, while
we considered the observed fluctuations as a statistical
ensemble result of uncorrelated density variations in stacked
correlation-based slabs. Our model does not preclude the
possibility of QPC results. A QPC may arise either from
occasional random chance phase-alignments across flux tubes,
or more significantly, as the result of a large density-generating
event that introduces phase-aligned disturbances into a number
of slabs simultaneously.
Beyond about r=12Re, the scatter in the pooled HELIOS
observations becomes large, most likely due to the combined
effects of less reliable Doppler noise estimates at small
amplitude, and structural differences in the corona between
the 1975 and 1976 observing campaigns. Although we cannot
reliably extend the inferred velocity analysis out beyond 12Re
with these data, we look forward future studies utilizing
contemporary, high-resolution FF data.
6. Conclusions
We presented a simplified model for coronal electron density
fluctuations in a system of stacked density fluctuation slabs to
analyze radio FFs obtained from spacecraft transcoronal
sounding near equatorial solar minimum. The observations
included MESSENGER 2009 occultation data probing the
corona down to R1.38 and archival HELIOS Doppler noise
measurements out to R25 . The power spectrum of FF
originates from a corresponding power spectrum of density
fluctuations, from which sne is obtained computationally. The
fractional density fluctuation parameter, ò, was found to exhibit
a baseline of about 1.7% at low solar offset for the specific
fluctuation frequency band that we studied (1–28 mHz). The
fractional density fluctuation, as calculated from observed σFM,
increased above the baseline up to about 7.5% by r=10Re,
with a curve not unlike that of the modeled solar wind outflow
speed. We constructed a two-component model to predict FF
variance and the fractional density fluctuation ò based on
propagating density waves and spatial density variations, both
advected with the solar wind. Our model predicted observa-
tions fairly well up to about 12Re, suggesting that the
randomized acoustic or slow magnetoacoustic waves explain
much of the FF variance at low solar offset, while convected
spatial variation density variations dominate the observations
as the solar wind accelerates. The model was successful at low
SO, despite more complex, non-radial magnetic structuring in
closed-field sub-streamer regions. Distinct anisotropy in
density inhomogeneity length scales was inherent to the model
at low SO, but by about R7 most of the component spatial
lengths were below slab width LLOS, which allowed a rough
approximation to isotropic behavior. Interestingly, at and above
R7 , the 3D isotropic quasi-static turbulence model (Efimov
et al. 2008) reproduced solar wind outflow speeds expected
from the literature and mass flux considerations, at least to
12Re.
The highlights of the present approach follow: 1. The
method brings stacked correlation-scale slab structuring of the
corona into the density inhomogeneity analysis. 2. The model
produces anisotropic density structuring at low solar offset due
to magnetic field strength control of slab integration length
(LLOS). 3. The model invokes wave propagation close to the
Sun to explain the lack of consistent difference between egress
and ingress FF observations at low solar offset. 4. The model
assumes mass conservation along the slab elements, and sets
predicted solar wind speed based on =V 250SW km s
−1 at SO
r=20Re. 5. The modeled sonic point is 6Re. 6. The close
correspondence between the observations and our model
predictions suggests the presence of ubiquitous plasma density
fluctuations of temporal and spatial character in the corona.
These density fluctuations, even at a relatively low fractional
amplitude, seem to produce the observed FF. Whether the slow
compressive waves play a direct role in coronal energy
dissipation or perhaps represent a marker for energy transfer
from Alfvén waves needs additional study. A correlative study
between co-measured Faraday rotation fluctuations and FFs
could be particularly useful in distinguishing compressive
MHD waves from acoustic waves. 7. Our mass flux derived
speeds are generally consistent with results from the optical
difference-images study by Sheeley et al. (1997). 8. The two-
component model for FM fluctuations reproduced the observa-
tions out to at least 12Re. However, this is still a preliminary
model. More optical and radio sounding data, ideally
concurrent observations, are desirable to follow up on these
impressions, refine the model and clarify the expected FF at
higher SO. Lastly, the long-awaited Parker Solar Probe (Bale
et al. 2016; Kasper et al. 2016) mission should be uniquely
poised to offer contemporary coronal radio sounding opportu-
nities, with concurrent in situ measurements, with which to
refine our understanding of the solar wind and validate space
radio physics models.
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4
A Combined Study of Coronal Radio
Observations and a 3-D Coronal Model
Analysis of MHD Wave energy relies upon an accurate description of background magnetic
field organization and intensities. Early in the course of this research program I found there were
few data/models for magnetic field strength through the mid-coronal region of concern. Most of
the data come from radio burst studies rather than resting state measurements. Faraday rotation
had been studied previously using the HELIOS observations (Pätzold and Stelzried, 1987), but
the results were valid only from 3R⊙, and were essentially maximum envelope results for the
extended equatorial corona near solar minimum. Presented below is a study of the mid-coronal
magnetic field based on FR observations together with 3-D global coronal models available from
the Community Coordinated Modeling Center (CCMC, https : //ccmc.gsfc.nasa.gov/).
4.1 Measurement of the mid-coronal magnetic field
In the third publication, the MESSENGER 2009 observations were evaluated in detail to assess
the mid-coronal magnetic field. Here the purpose was not to reveal the FR fluctuations as in the
first paper. Rather the goal was to extract the background magnetic field strength information
from analysis of the FR slow trend. Since the FR depends on the product of electron density and
58
the LOS-aligned magnetic field components, accurate determination of magnetic field strength
required good constraint on the electron density. Therefore, considerable attention was given to
choice of electron density models, and development of a technique to adjustment the electron
density based on concurrent frequency shift data.
Global magnetohydrodynamic (MHD) corona models use synoptic solar surface magnetogram
inputs to produce a 3-D coronal magnetic field solution. The magnetic vector components from
the solution can be used to determine LOS-aligned field strengths at each path increment along
the radio sensing path. Since the model solutions are specific to the given Carrington rotation,
computationally rotated into position for the given time and date of observations, a fairly close
relation with the magnetic field strength estimate from FR is expected. While the method is
intended only for constraint of magnetic field strength, the results can be used in analysis of FR
fluctuations and the calculations of Alfvén wave energy (Chapter 5).
A good correlation between the CCMC model magnetic field solutions integrated along the LOS,
and the observed FR, was found. A scaling factor of only 1.2x was needed to bring the model
results, when applied in the Faraday rotation integral (equation 1.3), up to the observational FR
levels. Further, when the CCMC model was progressively derotated from proper alignment with
the known spacecraft radio LOS, the model-based FR calculated results had successively poorer
fit to the observed FR. A key point of this paper: the 3D coronal models, based on Carrington-
rotation specific synoptic photospheric magnetograms, give useful magnetic field information for
the mid-corona. Whereas the fit of observations at 1 AU to the CCMC heliospheric models are
within a factor of 3-5x (Jian et al., 2015), the coronal models applied close-in (here, about 400,000
- 600,000 km from the solar surface) may be more accurate.
When the CCMC model solutions were mapped out along the LOS, the magnetic field structure
was found to be spatially complex, with irregular variations of field strength not consistent with
typical radial power law descriptions. It was concluded that the Alfvén speed profile must be
accordingly varied on the sensing path. The gradients of Alfvén speed promote wave-mixing and
reflections that are ingredients of the wave energy dissipation process. Thus, the complex magnetic
structuring implied by 3D model warrants further consideration in solving the problem of energy
deposition in low heliolatitude coronal regions.
4.2 Wexler et al. (2019) “Radio occultation observations of the solar corona
over 1.60-1.86R⊙: Faraday rotation and frequency-shift analysis”.
Journal of Geophysical Research: Space Physics, 124(10):7761-7777.
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Abstract The study of coronal energy transport, central to the solar wind acceleration problem, relies
upon accurate representation of magnetic fields and plasma electron densities. This information is difficult
to obtain in middle-to-lower coronal regions that may contain complex magnetic structures. Faraday
rotation (FR) solar radio occultation observations, which reveal line-of-sight (LOS) integrated product of
the coronal magnetic field and electron density, can help characterize the coronal environment and
constrain magnetic field strengths. Global magnetohydrodynamic (MHD) models use specified synoptic
solar surface magnetograms and may be used to facilitate FR interpretation by estimating detailed
magnetic field properties along the radio LOS. We present a hybrid FR analysis incorporating magnetic
field solutions from an MHD coronal model, and an electron density radial profile conforming to radio
frequency shift observations. The FR modeled by the hybrid method is compared to MErcury Surface,
Space ENvironment, GEochemistry and Ranging spacecraft radio FR observations through a coronal
region of low heliolatitudes and radial distance 1.60–1.86 R⊙ from the heliocenter, collected during a state
of relative solar quiescence. The hybrid model reasonably reproduces the form, polarity, and magnitude of
the observed FR. For this specific coronal region, the calculated radial profile of electron concentrations
and varied magnetic field strengths indicate Alfvén wave speeds below 50 km/s close to the point of closest
approach but near 400 km/s in adjacent regions along the sounding LOS. The new approach of combining
MHD models with radio sounding observations supports study of MHD wave processes in the challenging
middle-coronal magneto-ionic environment.
1. Introduction
Data-driven characterization of the Sun's magnetic fields is requisite for progress in the study of coronal
energy transport and solar wind acceleration. During solar minimum, the solar corona is organized into a
globally dipolar magnetic configuration, with polar regions typically exhibiting low-density, open field struc-
tures associated with the fast solar winds, and equatorial plasma organized into nearly radial, high-density
streamer formations that are associated with the slow solar winds (Woch et al., 1997). The streamers are
organized over closed magnetic fields, complicating the analysis of slow solar wind formation (Abbo et al.,
2016; Brooks et al., 2015).
Slow solar winds begin substantial acceleration above heliocentric radial distance (in solar radius units,
R⊙) ∼ 2.5 R⊙ (Sheeley et al., 1997). The acceleration continues out into the extended corona and heliosphere
(Efimov et al., 2018). Magnetohydrodynamic (MHD) waves are believed to play an important role in energy
transformation and transport for this process. While there is little doubt that the MHD waves are present
throughout all levels of the solar atmosphere and corona, an integrated picture that explains the solar wind
acceleration and links the findings from different solar altitudes remains elusive (Cranmer et al., 2015).
Arregui (2015) suggests that future observations “should concentrate on tracking the flow of energy across




• Transcoronal Faraday rotation and
radio frequency measurements
constrain middle-coronal electron
number densities and magnetic field
strengths
• MHD coronal models provide
detailed magnetic field solutions that
facilitate interpretation of Faraday
rotation observations
• The low-heliolatitude middle corona
includes regions characterized by
relatively low Alfvén wave speeds
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the slow solar wind acceleration zone hinges on proper characterization of the magnetic fields and electron
densities.
Although the nomenclature has not yet been standardized, here we define the low-heliolatitude middle
corona as the magnetized plasma environment between 1.4 and 2.5 R⊙ above the heliocenter, similar to con-
ventions and terminology used by, for example, Badalyan (1996), Koutchmy (2004), Mancuso et al. (2003),
and Mancuso and Garzelli (2013a). We refer to the region below 1.4 R⊙ as the lower corona, which extends
down to the base of corona adjacent to the transition region, around 2 Mm above the photospheric surface.
Using this definition, magnetic fields of the lower corona are amenable to evaluation by extreme ultravio-
let imaging (Ofman & Wang, 2008; Verwichte et al., 2009). In contrast, indirect measurements remain the
main option to obtain crucial magnetic field information in the middle corona, where the field structures
are often complex and in transition toward streamer organization. These indirect measurements must be
interpreted in model-specific contexts.
Techniques to analyze solar eruptions in the proximity of active regions have been developed to obtain
magnetic field strength in the low to middle corona (Gopalswamy et al., 2012; Mancuso & Garzelli, 2013a;
Mancuso et al., 2003, 2019). Solar outburst radio analysis was derived from a method developed for analysis
of the bow shock of the terrestrial magnetosphere, applied in a novel manner to the case of a CME emerg-
ing into a background coronal field (Mancuso et al., 2019). The technique provided important information
in the heliocentric radial distance range 1.2–1.5 R⊙ (Gopalswamy et al., 2012) using SDO imaging of CME
ejections and the associated Type II radio bursts. Mancuso et al. (2003) probed the 1.5–2.3 R⊙ middle coronal
region by analysis of Type II radio bursts. Since the solar eruption events provide the basis for the method,
it is important to note that the results selectively apply to active coronal states with propensity for outburst,
while excluding steady quiescent Sun coronal conditions.
Faraday rotation (FR) analysis has been used to investigate coronal magnetic fields using natural and celes-
tial radio sources (Ingleby et al., 2007; Jensen et al., 2013; Kooi et al., 2014; Le Chat et al., 2014; Mancuso &
Garzelli, 2013b, 2013c; Pätzold et al., 1987). FR is the change in polarization position angle, Δ𝜒 , that occurs
when electromagnetic radiation containing a linearly polarized component traverses a magnetized plasma.
Rotation of Δ𝜒 occurs in accordance with the integrated product of electron number density (ne) and com-
ponent of the magnetic field aligned with the radio raypath (hereafter, line of sight, LOS) from transmitting
spacecraft to the terrestrial receiving radio telescope:
Δ𝜒 = 𝜉 ∫
⊕
SC
neB⃗ · d⃗S (1)
where d⃗S is the path increment along the LOS from the spacecraft (SC) to Earth (⊕) and B⃗ is the magnetic






with radio transmission frequency f0, electron mass me, electric charge e, vacuum permeability 𝜖0, and vac-
uum speed of light c. S.I. units are adopted throughout this work unless otherwise noted. For X-band 8.4-GHz
radio transmissions studied in the present work, the constants consolidate to 𝜉 = 3.35 × 10−16 rad·T−1·m2.
Although the FR techniques are limited by LOS integration, the effects producing the radio signal distur-
bances are usually greatest near the point of closest solar approach. The point of closest solar approach on
the sounding LOS is also referred to as the proximate point, and the heliocentric distance to this point is
called the solar offset, SO, typically given in R⊙ units. Summaries of prior coronal FR research can be found
in Bird (1982, 2007) and Efimov et al. (2015); also see (Kooi, 2016; Kooi et al., 2014). Almost all the data for
these studies were obtained at SO > 3R⊙, where the open field line structures dominate and simplifying
assumptions about the field may be introduced. Radial magnetic fields alone tend to cancel LOS-aligned
field components by symmetry with respect to the LOS proximate point and produce very little net FR when
integrated on the LOS. Observable FR therefore is dominated by asymmetric magnetic fields and/or electron
densities. Previous studies introduced the magnetic field asymmetry as an estimated single polarity rever-
sal sector boundary on an otherwise radial field and interpreted the data on that basis. However, the results
do not necessarily extrapolate to the deeper, low-to-middle coronal regions due to the changing power law
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relationships of electron density and departure from radial magnetic field structuring. Until now, detailed
magnetic field analysis in the middle corona using FR has been lacking.
We had an opportunity to analyze radio occultation observations of the equatorial corona at close SO near
solar minimum, using X-band radio transmissions of the MESSENGER (MErcury Surface, Space ENviron-
ment, GEochemistry and Ranging) spacecraft during egress from solar conjunction in November 2009. An
initial report on these MESSENGER 2009 spacecraft transcoronal FR observations below SO = 2R⊙ charac-
terized the FR but did not isolate magnetic field strengths (Jensen et al., 2013). Subsequent reports on the
same observations analyzed FR fluctuations (Jensen et al., 2013; Wexler et al., 2017) using modeled mag-
netic field strengths from the literature. We now present a further investigation of the MESSENGER 10
November 2009 radio occultation observations, with emphasis on the magnetic field. Since the problems of
asymmetric and nonradial magnetic field features confound analysis of FR using the conventional power
law models, we undertook a middle corona FR analysis supported by an MHD 3-D coronal model. The MHD
model solutions provide the estimated magnetic field vectors along each LOS analyzed, specific to the Car-
rington rotation (CR) under study. In addition, Doppler-corrected frequency shift analysis data (Dolbezhev
et al., 1986; Efimov et al., 1990) are used to refine power law expressions of coronal electron density. Using
frequency shift results and the MHD model magnetic field solutions, we establish a fairly good correlation
between the FR observations and the modeled FR.
Our report is organized as follows. The MESSENGER observations and data processing are addressed in
section 2. The MHD model, data mapping, and LOS magnetic field information are presented in section 3.
In section 4 we discuss electron number density models and show the radio frequency shift method that
improves the electron density model for a given study interval and location. A comparison between observed
FR and a hybrid FR analysis based on the MHD model together with improved number density modeling is
given in section 5. The conclusions are summarized in section 6.
2. Transcoronal Radio Observations
2.1. MESSENGER Spacecraft Recordings
We obtained 4 hr of near-continuous recording of MESSENGER spacecraft X-band (8.4 GHz) radio trans-
missions during egress from solar conjunction on 10 November 2009. The Sun was still in a fairly quiet state
of activity following the deep solar minimum of solar cycle 23. The MESSENGER spacecraft was on a Mer-
cury flyby trajectory, positioned in near-equatorial coronal occultation with closest heliocentric approach to
the LOS ranging from 1.605 to 1.864 R⊙ during the observations.
The MESSENGER X-band downlink signal is transmitted in mostly right circular polarization (RCP). A
nonunitary axial ratio in the transmitter circular polarization results in a small representation of left circu-
lar polarization (LCP) signal, resulting in a linear polarization component of several percent. The plane of
polarization, and FR, can be recovered from the RCP and LCP observations (Jensen et al., 2005; Wexler et al.,
2017). FR may be understood by considering the linearly polarized radio signal as being composed of LCP
and RCP components (RCP, LCP). The refractive index of a radio wave propagating in a magnetized plasma
depends on the wave frequency, f0, the electron number density, ne, and the magnetic field intensity in the
direction of wave propagation (Bastian, 2001; Bird, 2007; Mancuso & Garzelli, 2013b). In the presence of a
magnetized plasma, the LCP propagates with a higher phase velocity than RCP, resulting in a net rotation
of the polarization position angle.
The observations were recorded in dual-feed circular polarization channels using the NRAO Green Bank
100-m radio telescope. RCP and LCP channels were downconverted by a heterodyne system to a baseband
frequency. For each channel of polarization, the quadrature-phased I(real) and Q(imaginary) signal com-
ponents were recorded as complex numbers at a sampling rate of 5 MHz. Further details on this set of
observations may be found in Jensen et al. (2013) and Wexler et al. (2017).
2.2. Signal Processing
The RCP and LCP signals were reconstituted from the quadrature components and analyzed in sequential
1-s segments. The radio signal was broadened in frequency due to turbulent density fluctuations. In each
1-s data frame, the center frequency was obtained by best fit of a Gaussian distribution to the spectrogram
of signal intensity (Figure 1). Spectral broadening is evident, with the full width half maximum (FWHM)
measure being about 3 times higher at SO = 1.61R⊙ than the value at 1.85 R⊙. Spectral broadening is related
to rate and intensity of density inhomogeneities crossing the LOS and is thus dependent on electron density,
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Figure 1. Gaussian fit to spectrogram of right circular polarization signal intensity for a 1-s data frame. The signal is
broadened at this coronal depth due to time-varying density inhomogeneities in the corona. (top) Solar offset 1.61 R⊙.
(bottom) Solar offset 1.85 R⊙. FHWM = full width at half maximum amplitude, the measure of spectral broadening;
pkf = fitted peak signal frequency; SNR = signal-to-noise ratio.
plasma radial outflow speed, and the spectral characteristics of the coronal turbulence (Bird, 1982; Woo et al.,
1976). It is likely that the increased FWHM noted at the closer SO is related to increased electron density,
although counter effects of increasing flow speed and turbulence may blunt the range of FWHM observed.
In the frequency domain, the RCP signal is designated in the complex spectrum as ZR and that of LCP is ZL.
Power products were calculated as ⟨ZRZ∗R⟩, ⟨ZLZ∗L⟩, and cross-spectrum ⟨ZRZ∗L⟩, where the asterisk denotes
complex conjugate. From these the Stokes parameters I, Q, U, and V were calculated. Stokes I is the total
intensity, ⟨ZRZ∗R⟩+⟨ZLZ∗L⟩. Stokes V is the circular polarization intensity, ⟨ZRZ∗R⟩ − ⟨ZLZ∗L⟩. In this data the
mean fractional circular polarization was 0.95, with the remainder of power being in the linearly polarized
components needed to asses FR. Stokes Q and U are obtained from the real and imaginary parts of the
cross spectrum; Q = 2 Re⟨Z∗LZR⟩ and U = −2 Im⟨Z∗LZR⟩. For each sequential 1-s analysis frame, the






The polarization position angle has intrinsic ±n𝜋 uncertainty. The position angle turnover, which would
normally reset the angular measure to zero beyond 𝜋 radians, was removed by a computational unwrapping
routine to allow a continuous curve of the cumulative angular turn. The absolute offset of this cumulative
or running position angle was unknown and initially was set to zero radians at the end of FR curve.
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Figure 2. Transcoronal MErcury Surface, Space ENvironment,
GEochemistry and Ranging radio frequency observations for 10 November
2009. The spacecraft is in egress from solar conjunction; the negative
frequency shifts correspond with negative ddt Ne as the radio signal line of
sight moves through less dense regions of the corona. The offset-corrected
baseband frequency is shown in orange, and the curve smoothed by
running 5-point median filter is shown in black.
The parallactic angle correction for the position of the LOS in the plane
of the sky was applied to yield the final FR curve.
2.3. Observational Data
The observed time series of polarization position angle, whose progres-
sion demonstrates the FR, is shown in section 5 with analysis results and
was reported previously (Wexler et al., 2017). Over the 4 hr of observa-
tions, the polarization position angle trends lower by 7.24 radians. The
FR absolute offset is initially unknown; a suitable FR offset will be pro-
posed later in the report, when the FR integral is computed using the
model data.
We define positive FR as counterclockwise rotation of the position angle
as viewed from the Earth when a magnetic field component points toward
the terrestrial observer. Thus, we are defining a positive magnetic field
component on the LOS as being toward the observer; this is different than
the typical physics convention of a positive magnetic field vector pointing
away from the source. In our case, such an outgoing magnetic field vector
from the Sun may project on the sounding LOS to produce either positive
(toward Earth) of negative (away from Earth) LOS component (here-
after denoted B||) by our convention. For an idealized radially symmetric
coronal magnetic field, the positive B components on one side of the prox-
imate point would cancel those of the other side and the net observed FR
would be zero. Thus, if the electron density is assumed radially symmet-
ric, concordance with our FR observations requires asymmetric magnetic
fields across the proximate point, with a net LOS decreasing positive B||
or an increasing negative B|| as defined above.
Time variations and irregular oscillatory behavior of the FR pattern are also noted. These FR fluctuations
are of interest in the study of coronal Alfvén and magnetosonic waves, and turbulence, but not evaluated
here. See works by Wexler et al. (2017) and Jensen et al. (2013) for investigation of the FR fluctuations in
these MESSSENGER data and reports on earlier FR observations by others (Andreev et al., 1997; Chashei
et al., 2000; Efimov et al., 2015; Hollweg et al., 1982, 2010).
The radio frequency shift data are shown in Figure 2. The baseband frequency offset (637762.30 Hz) has
been removed such that the frequency curve approaches zero in the high SO limit. We note that the instan-
taneous frequency shifts are negative since d
dt
Ne is negative during egress since number densities are falling
with increasing heliocentric distance (see section 4.2) but fractionally less and less so as the LOS egress
progresses. The second half of the data show a fairly flat trend but with superimposed low-frequency fluctua-
tions. Frequency fluctuations have been studied extensively in coronal radio studies; see Efimov et al. (2017)
and Yakovlev and Pisanko (2018) for summaries and Wexler et al. (2019) for a recent MESSENGER-HELIOS
composite analysis.






where FR Δ𝜒 is 7 radians at SO = 1.61, ne is estimated to be 9 × 1012 m−3 using the Allen equation (Allen,
1947), and 𝜉 is given in equation (2). Considering a simple closed magnetic field in the force-free condition,
integration path length ΔS to capture the main LOS-aligned field was set equal to the radial distance from
the solar surface to the proximate point on the LOS, 0.6 R⊙ = 4.2×108 m. The net magnetic field strength on
the LOS in the coronal region of closest solar approach is then ∼5,500 nT. It is possible that total B intensties
are larger in some regions since the estimate uses only the projection onto LOS. Also, since BLOS is the net
sum of local B components, stronger fields of both polarities may be present yet still sum to produce a limited
net B strength on the LOS . Using this rough approximation, the Alfvén speed is 40 km/s at the proximate
point, but the fairly steep decline in electron density with heliocentric distance should lead to increased
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Figure 3. (left) Composite image for 10 November 2009. Streamer patterns are imaged with STEREO B COR1 (green
hues) and SOHO LASCO C2 (orange hues) coronagraphs. The COR1 pattern is only approximate for our line of sight
(LOS) because STEREO B was obliquely aligned relative to the LOS. The approximate positioning of the LOS proximate
points during the MErcury Surface, Space ENvironment, GEochemistry and Ranging observations is shown with the
dotted line, and the ”X” marks the beginning of the observations at solar offset 1.605 R⊙. An overlay strip of MHD
About a Sphere model magnetic field output is also shown, with color range in log scale spanning 5.0 (red) to 2.4 (blue)
in nanotesla. The solar disk is an EIT 171 image from SOHO. (right) A portion of the GONG synoptic solar surface
magnetogram for Carrington rotation 2090. The curved line shows the projection from the spacecraft radio LOS onto
the solar surface. The X marks the projection for the point of closest solar approach on the LOS at solar offset 1.605 R⊙.
Alfvén speeds in other areas along the LOS. We explore these possibilities further after proceeding to a more
detailed assessment of the magnetic field and electron densities.
3. CCMC MHD Model
The Community Coordinated Modeling Center (CCMC) is a National Aeronautics and Space Adminis-
tration collaborative based at the Goddard Space Flight Center, Greenbelt, MD, offering a variety of solar
and heliospheric models (https://ccmc.gsfc.nasa.gov). Coronal models provide 3-D magnetic field solutions
based on boundary condition inputs including field strength data from synoptic solar magnetograms. There
are a variety of models, each with simplifications and limitations with regard to the underlying coronal
physics (MacNeice et al., 2018). The MHD codes are said to produce more realistic cusp topologies beneath
streamers compared to the older, Potential Field Source Surface (PFSS) models. Unlike PFSS models, the
MHD models do not require a fixed “source surface” beyond which the magnetic fields are radial (Riley et al.,
2006). We chose the MHD About a Sphere (MAS) model (Lionello et al., 2009), available on the CCMC site.
MAS is a so-called “thermodynamic MHD” code, with more detailed handling of energy components in the
model compared to a previous polytropic model. We use the MAS 3-D coronal model to find the estimated
magnetic field vectors along each LOS for the specific CR under study.
Our MAS solution for CR 2090 was produced using CORHEL version 5.0.0. The solution data are archived
(“David_Wexler_022117_SH_1”) on the CCMC site. The simulations used fixed chromospheric lower
boundary parameters ne0 = 2 × 1018 m−3 and T0 = 20000 K. The code runs in normalized units. Magnetic
field output values were converted to Gauss units using the multiplier 2.206 (Lionello et al., 2009). Figure 3,
left, shows a strip of the MAS magnetic field output superimposed upon coronagraph images with the egress
trajectory marked. Figure 3, right, shows the input solar surface synoptic magnetogram, and the projection
of the LOS unto the solar surface, from which each 2-D slice of magnetic field output is aligned to the cor-
responding path element along the LOS (Figure 3, left). It is noted that the Sun was in moderately low state
of activity.
The CCMC MAS computation outputs results into hdf4-formatted data spheres 151 × 100 × 182, in heli-
ographic coordinates (HGC). In contrast, coordinates along the radio sounding LOS coordinates were
obtained from the JPL Horizons ephemerides (https://ssd.jpl.nasa.gov/horizons.cgi) in Heliographic Aries
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Figure 4. Magnetic field vectors (red) from the Community Coordinated
Modeling Center model arranged along the sounding line of sight. The field
lines are nonradial and asymmetric across the point of closest solar
approach. The number density profile (blue) shows near symmetry with
respect to the proximate point. The coordinates are in heliocentric Earth
ecliptic (HEE), with positive x being toward Earth.
MESSENGER = MErcury Surface, Space ENvironment, GEochemistry and
Ranging.
Ecliptic coordinates. In order to extract the MAS data pertinent to the
LOS, the LOS coordinates had to be converted to HGC. The conver-
sions between Heliographic Aries Ecliptic and HGC were accomplished
in accordance with coordinate transformation sequences detailed in
Hapgood (1992) and Thompson (2006). The Parker spiral effect is consid-
ered negligible at this close offset. The HGC for the LOS proximate point
at the beginning of the data collection were r = 1.61R⊙, 𝜃 = −11.9◦ and
𝜙 = 267.7◦, marked with an X on the mapping in Figure 3. Over the full
4 hr of observations, coordinate ranges for the proximate point of LOS
were 1.61 to 1.86 R⊙ for radial distance, −12.0◦ to −13.1◦ for heliolatitude
and 267.7◦ to 265.9◦ for Carrington longitude.
A sample mapping for a specific point on the LOS cutting through the
plane at CR longitude 268◦ is shown in Figure 3, left. The entire LOS mag-
netic field mapping, assembling many such planes, captures the magnetic
field variations along the LOS (Figure 4). The total field strengths, |B|
along the raypaths for three representative SO, are mapped along the LOS
in Figure 5. Figures 4 and 5 illustrate the nonradial, asymmetric character
of the magnetic fields with respect to the point of closest solar approach
for the region under study. Field components projected onto the LOS, B||,
are shown in section 5.
Before generating an FR analysis based on MHD model magnetic field
components, we address the electron number densities further and refine
the description of ne using an analytic method that combines the observational frequency shift information
with a background power law model for number density.
4. Electron Number Density Models
4.1. General Power Law Models
Electron concentrations in the corona are typically modeled as concentric shells, each with number den-
sity proportional to the radial offset in a power law format (see, e.g., Bird & Edenhofer, 1990; Kooi et al.,
2014). Most models assume radial symmetry, but some account for heliolatitude. The state of solar activity
should be specified for a given model. In general, the models are intended to provide average number density
Figure 5. Plots of magnetic field strength along the LOS at three solar
offsets, obtained directly from the MHD About a Sphere output data, before
final scaling (see section 5). The key gives the proximate point offsets in R⊙
units. LOS = line of sight.
estimates. For this study, we sought to revise the number density model
for our specific data, by incorporating the frequency shift observa-
tional data.
A classic parameter equation for electron concentration in the quies-
cent equatorial corona, based on white light eclipse observations, is the
Allen-Baumbach equation (Allen, 1947):







with heliocentric radial distance as ratio r = R∕R⊙ and electron concen-
tration in per cubic meter. R⊙ = 6.96× 108 m. Newkirk (1961), also using
eclipse data, provided a simpler power law model for the quiet corona
electron concentrations:
ne(r) = 14.2 × 1010104.32∕r (m−3) (6)
Electron number density models of the corona have also been devel-
oped from radio observations. These generally describe the extended
corona beyond SO = 3R⊙ and are not intended to accurately extrapo-
late to the inner levels of the corona. Attempts to expand the number
density description to incorporate the low-to-middle corona include the
composite formulation given in Wexler et al. (2019)
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and the three-term power law model of Leblanc et al. (1998)
ne(r) = 8.0 × 1013r−6 + 4.1 × 1012r−4 + 3.3 × 1011r−2 (m−3) (8)
In accordance with Leblanc's method to scale the equation to known densities at 1 AU for a given observa-
tional time window, we multiplied equation (8) by the factor 5/7.2, where the numerator is average number
density at 1 AU from ACE spacecraft data (http://www.srl.caltech.edu/ACE/ASC/). We found that the radial
dependence of number density as given from the MAS model was similar to that given by the scaled Leblanc
model. However, the observations gave indications that electron densities were greatly increased at the
lower end of the SO range studied. Using the methods introduced by Efimov and Dolbezhev and colleagues
(Dolbezhev et al., 1986; Efimov et al., 1990), the observed frequency shift Δf was used to revise the Leblanc
formula by addition of a fourth power law term. The analysis is presented in the next subsection.
4.2. Radio Frequency Shift Analysis
The observed radio frequency, fobs, is shifted from the original transmitted frequency, f0 by two major con-
tributions: Doppler shifts due to spacecraft velocity Vrel relative to the terrestrial receiving station and the
time rate of change of electron number densities along the sounding LOS (Jensen et al., 2016; Vierinen et al.,
2014):









with radio transmitter wavelength 𝜆 = c
𝑓0
, c the speed of light, ne the electron number density as a function





There is a small effect from gravitational redshift (Bertotti et al., 2003), which changes gradually, less than
half a hertz over the observing interval studied, which we ignore here and leave to exploration in subsequent
studies. After the Doppler shift is removed, the remaining instantaneous frequency shift ΔfN is attributed to








For a given heliocentric distance, r, to the proximate point, the column density for raypath S is
Ne(r) = ∫LOSne(r, S)dS (12)
The orientation of sounding path element dS is assumed to be perpendicular to the direction of r from the
heliocenter. The geometric arrangement for analysis of transcoronal radio observations has been described
many times (see, e.g. Bird, 1982; Ingleby et al., 2007; Kooi et al., 2014; Pätzold et al., 1997).
Electron column density values cannot be used directly in the calculation of FR since the electron concen-
trations, like the magnetic field components, are varying along the sounding LOS. Our task is to deduce the
radial profile of electron number density from changing column densities. We follow the general approach
put forward by Dolbezhev et al. (1986) and Efimov et al. (1990), using their key insight that the parameters
in the power law number density models can be obtained from d
dr
Ne, which is proportional to the density












We now illustrate the analysis using a two-term power law for electron number density. The methods may
be generalized to additional terms as warranted. In general, a more limited SO range under study requires
fewer terms in the power law expression of number density. However, the study of electron column density
entails the integration of number density information over a great distance, from transmitting spacecraft
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radio to the ground station. Therefore, even in our study involving the limited SO range 1.605–1.864 R⊙, for
the final implementation we keep all terms.
The dual power law expression of electron number density is
ne(r) = Ar−𝛼 + Br−𝛽 (m−3) (14)
where coefficients A and B are in unit per cubic meter.
Following the method of Bird et al. (1994), electron column density, Ne, is found by integration of number
density expression applied over the LOS path S (equation (12)), generalized to −∞ to ∞. Utilizing Bird's
polar transformations S = Rtan𝜙, dS = Rsec2𝜙d𝜙, the distance L in meters from heliocenter to point S on
the LOS becomes
√
R2(1 + tan2 𝜙), or Rsec𝜙. Expressed in units suitable for equation (14), the distance L(𝜙)
is rcos−1𝜙 and the electron density along the LOS is A(rcos−1𝜙)−𝛼+B(rcos−1𝜙)−𝛽 . Completing the column


























Note that our convention for solar offset measure, r, leads to reversal of the column density exponent





versus our r1−𝛼 .

















a = (𝛼 − 1)k(𝛼) b = (𝛽 − 1)k(𝛽) (19)
The frequency shift is therefore related to number density parameters by








with projected spacecraft speed USC (m/s) defined as positive for egress and negative for ingress, which
allows the bracketed quantity in equation (20) to remain positive for purposes of curve fitting on log-log
plots.
Using equation (20) formatted with the scaled Leblanc density model, we found a good fit by least squares
for our data over 1.70–1.86 R⊙, after removal of the baseband frequency offset, 637762.30 Hz (Figure 6).
Below SO = 1.70R⊙, increased frequency shift suggested higher coronal electron concentrations requiring
an additional term to be added to the number density model.









which we consider to contain the contributions from the three power law terms of equation (22) and also
a fourth term representing the steep increase noted at SO below 1.7 R⊙. The fourth term is of the form
Dr−𝛿 . Power law exponent 𝛿 is found as the log-log slope of the d
dr
Ne curve over SO = 1.6–1.7 R⊙, and
coefficient D is found from dividing y intercept dD by the integration constant d as found in the form of
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Figure 6. Binned MErcury Surface, Space ENvironment, GEochemistry and Ranging frequency shift data (dots) fitted
to the shift predicted using the scaled Leblanc three-component number density model (line). The points between solar
offset 1.70–1.86 were used to fit the model line, using least squares fit. This is the method used to set the baseband
frequency offset. The departure of frequency shift below solar offset 1.70 R⊙ is attributed to an increased electron
density gradient, to be captured by a fourth power law term added to the Leblanc model.
equations (17) and (19). For our study, the spacecraft radio wavelength is 0.0357 m and the sky-projected
LOS speed Usc = 12.7 × 103 m/s (egress). We found D = 1.5 × 1019 and 𝛿 = −29.3.
The final number density result is
ne(r) = 5.5 × 1013r−6 + 2.8 × 1012r−4 + 2.3 × 1011r−2 + 1.5 × 1019r−29.3 (22)
in per cubic meter. This formula is intended to represent the radial dependence of ne only in the limited SO
range, coronal location, and state of solar activity studied here. The main effect from the fourth power law
term in electron density is noted below SO = 1.7R⊙. A comparison of the specific number density equation
used here in the modeling of FR is compared to those of other ne models in Figure 7.
Figure 7. A comparison of electron number density radial profiles. The results of the frequency shift analysis are
shown in solid black, revealing a sizable upturn in electron concentration below solar offset 1.7 R⊙. The CCMC MHD
About a Sphere model provided ne values (blue squares) close to those of the native Leblanc three-term equation (solid
light green) but did not predict the rise in electron density detected by the frequency shift analysis.
CCMC = Community Coordinated Modeling Center.
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Figure 8. Electron number density profiles (filled area) coplotted with the LOS-aligned magnetic field component, B||.
The number densities are symmetric across the LOS proximate point (0 on the x axis), while the Faraday
rotation-effective B|| components are asymmetric. The LOS magnetic field convention used here sets a component
directed toward Earth on the sounding path as positive. Here the results are presented for solar offset = 1.605 R⊙.
LOS = line of sight.
The steep climb in electron number density below SO = 1.7R⊙ is an interesting departure from the general
form of typical number density models as shown in Figure 7. The radio signal spectral broadening find-
ings (Figure 1) are consistent with the considerably increased electron density at low SO. The peak value,
ne = 1.8 × 1013 m−3 is realistic and within the range of values for electron density in coronal streamers and
quiet Sun regions (see, e.g Aschwanden & Acton, 2001; Guhathakurta & Fisher, 1995; Vocks et al., 2018).
The coronal hole plasma exhibits lower densities, but relatively steep electron density gradients compared to
streamers (Guhathakurta & Fisher, 1995; Hayes et al., 2001). Guhathakurta and Fisher (1995) also showed
that streamer boundaries may exhibit similar steep density gradients. Our finding of sharply rising density
below SO = 1.7R⊙ raises the possibility that the sounding path probed a zone in proximity to a streamer
boundary. The available coronagraph imaging does suggest that the sensing LOS traverses the vicinity of a
streamer (see Figure 3), although definitive optical evidence of enhanced density specifically at the begin-
ning of the observations is lacking. We view the implied electron density curve as pertaining very specifically
to this data set and not suitable for general characterization of the middle corona. Indeed, the high-order
power law exponent could not be applicable down into the lower corona, as the densities would be much
too high. We expect additional data sets to reveal more representative density profiles.
5. Results
A hybrid model of FR was produced by combining LOS-projected MAS model magnetic field output with the
frequency shift-related electron density profile. As seen in Figure 8, the magnetic field strengths are more
variable and widely distributed on the LOS than are the electron densities. Since the FR is calculated by
multiplying the local electron number density by the B|| at each path LOS element, we find that the number
density profile constrains the effective FR region of the LOS for the quiet Sun to about ± 2 R⊙.
In order to match approximately the modeled FR to the observed FR, a small scaling adjustment for MAS
model B values was required, and an FR offset was needed for the observational FR data. We found that
the change in polarization position angle, about 7.2 radians, was reproduced by applying a scaling factor
of 1.2 to the model magnetic field solution. The suitable FR offset for the observational FR was then found
to be 1.8 radians. While the FR offset is arbitrary and was applied primarily for purposes of coplotting the
predicted FR results, it is appropriate that the value be a small value since the FR is expected to diminish
with increasing SO, for example, seen with FR fluctuations becoming small for X-band radio sounding in
the quiet solar corona beyond about 3.5 R⊙ (Kobelski et al., 2016). A final offset of 1.8 radians at r = 1.86R⊙
is therefore reasonable.
The final results of the FR analysis are shown in Figure 9. The modeled FR curve matches the general
form, polarity, and magnitude of the observed FR. Uncertainty estimates come from the uncertainty in the
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Figure 9. Results of the FR frequency shift-MHD About a Sphere hybrid model (black) plotted over the observational
FR data (red). The uncertainly bands (gray) are based on the variance in the frequency shift measurements.
FR = Faraday rotation.
frequency shift determinations. An uncertainty of 5 Hz for a 42-Hz shift calculates to 12%. Using a fractional
error of 0.12 for the observed FR change of 7.24 radians, we expect that there is at least 0.9 radians uncertainty
in the hybrid model FR predictions. Even with the low-frequency FR oscillations, most of the observations
fall within the error bands of the FR model. The main exception was the “transient event” at around SO ∼
1.66R⊙ during which FR amplitudes were increased. There was no corresponding transient in frequency
shift, so on initial consideration it seems likely that the event was predominately a magnetic process. Detailed
study of this and other, similar transient FR phenomena will need a separate research effort. CR-specific
models involve a degree of magnetogram time averaging over the rotation and are therefore intended to
extract trends and quasi-static features. The method we developed may be useful for the quiescent corona
but less effective for rapidly changing solar environments, for example with CMEs and flares.
Two comments on electron density profiles are in order. First, when the MAS model outputs for electron
density were used directly in FR analysis, the observational FR curve was not reproduced. Electron densities
from the MAS model produced a flatter FR curve, with insufficient FR change, than that observed. A fair fit
could be achieved by scaling up the MAS model density curve by 2.5. Second, the observed FR curve is not a
shadow curve of the frequency shift adjusted electron density profile (Figure 7, solid black); the latter has a
steeper upturn below SO ∼ 1.7R⊙. This means that the changes in LOS-aligned magnetic field components
as a function of solar offset, obtained from the MAS model, also contributed to successful FR modeling.
Since our method links observational FR results to the CCMC MAS model magnetic field components com-
puted from a specific CR photospheric magnetogram, the results should be sensitive to exact placement of
the LOS in the Carrington HGC. We tested this prediction by altering the Carrington longitude coordinate
of the CCMC mappings and comparing the resulting modeled FR to the observed FR curve. For comparison
against the correct Carrington longitude for the LOS proximate point, 268◦, we ran the model with longi-
tude shifts of −5, −10, −20, and −30◦. There is clear progressive departure of the model results from the
observed FR as the longitude shift is increased (Figure 10). Although our data set is limited, the appropriate
dependence of modeled FR on magnetic map CR longitude provides an encouraging result. Further study
using multiple observations through the mid-corona is warranted.
Comparative studies of CCMC coronal-heliospheric models were presented by Jian et al. (2015) and
MacNeice et al. (2018). All models underestimated magnetic field strength compared to near-Earth in situ
space observations. The MHD models typically underestimated global open flux at 1 AU by a factor of about
2. Interestingly, Jian et al. (2015) found that the coupled MAS corona-ENLIL heliosphere model produced
the least underestimation of maximum B strengths, within about 20% of observed values at 1 AU. Our results
are consistent with this 20% underestimation of B strengths in a new domain, the middle corona, based on
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Figure 10. Test of the CCMC magnetic field data. Results with CCMC coronal model rotated into the correct position
(CR longitude 268o) according to the ephemeris localizations of the sounding LOS is shown with the solid blue line
(dots were the specific points evaluated). Incremental rotation of the magnetic map Carringtion longitude to positions
-5, -10, 20 and -30 degrees from the correct longitude resulted in progressively poorer prediction of the observed FR.
CCMC = Community Coordinated Modeling Center; CR = Carrington rotation.
transcoronal spacecraft radio FR observations. Since we are using model outputs at relatively low solar off-
set, close to the photospheric source inputs, we expect a fairly accurate local magnetic field representation
near the LOS point of closest solar approach. Whether the B scale factor is consistently about 1.2 in the
middle corona with this specific MHD model is an important question for future studies using additional
data. Also worthwhile will be evaluation of whether the computationally more efficient PFSS magnetic field
methods support FR models consistent with middle coronal observations.
The range of magnetic field intensities used in the present work fall within the lower end of the range pre-
sented by Koutchmy (2004). Through the lower corona region, the field strengths may drop from hundreds of
Gauss to about 1 G. Over SO = 1.4–2.5 R⊙, which we reference as the middle corona, the few values available
in the literature ranged ∼0.08–1 G (8,000–100,000 nT). For comparison, our values based on MHD model
output along the LOS for SO = 1.61R⊙ (Figure 5), and scaling up by ×1.2, ranged ∼1,000–12,000 nT. These
values may reflect the LOS positioning through a low field strength sector boundary and the low global state
of solar activity during the observations. On an inverse square potential field basis, 5 nT at 1 AU should be
associated with an intensity of 37,000 nT at a 2.5 R⊙ source surface and about 90,000 nT at 1.6 R⊙. Values
of about 100,0000 to 200,000 nT (Mancuso et al., 2019) presented for SO = 1.6R⊙ were derived from anal-
ysis of CME shock fronts and solar radio bursts (Gopalswamy et al., 2012; Mancuso et al., 2003, 2019). We
do not yet know whether the low-to-middle corona magnetic field intensities are comparable between the
impending outburst condition and sustained quiescence. FR measurements are complementary to those of
the solar outburst studies; the former do not rely upon sudden dynamic events or other specific activity but
assume coronal quasi-stationarity, while the latter probe the inner coronal environment in dynamic con-
ditions. Possibly the idea of “mean coronal magnetic field” will lose generic significance in lower coronal
regions where a variety of local activity states and magnetic configurations may coexist.
All FR studies require consideration of the magnetic field structure along the sounding LOS (see Kooi et al.,
2014). In prior FR studies, involving the extended corona over SO ∼ 3–15 R⊙, the fields were taken to
be radial, described by one- or two-term power laws on heliocentric distance but reversed at a magnetic
sector boundary such that noncancelation of opposing LOS-aligned components resulted in observable FR.
These simplifications pose challenges when analyzing specific data sets. For example, Ingleby et al. (2007)
required a scale multiplier about 0.475 to bring the modeled FR into line with observations. Also, Kooi et al.
(2014) found that the general power law models tended to overpredict the FR compared to observations
over SO = 4.6–5.0 R⊙. In our study, the magnetic fields varied along the LOS in accordance with the MHD
model; we did not assume a radial structure or single sector boundary. Certainly for the substreamer coronal
regions, the generalized radial models for magnetic field with a single sector line are unlikely to capture
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Figure 11. Alfvén wave phase speeds obtained using scaled |B| and ne profile (unscaled) along the LOS at SO 1.605 R⊙.
LOS = line of sight; SO = solar offset.
the complex coronal structure or predict the FR evolution during extended observations. Additional data
samples will be needed to better characterize the range of conditions and fluctuations encountered in the
middle corona.
The complex magnetic spatial variation along the sensing LOS has important implications for MHD wave





along the LOS (Figure 11). For this specific coronal region, Alfvén speeds below 50 km/s are found near
the point of closest approach but nearly 400 km/s in adjacent regions along the sounding LOS. The radial
evolution of Alfvén speeds, like that of the associated magnetic fields (see Figure 5), is variable and at times
nonintuitive in the middle corona. The speeds do not necessarily decrease as a function of SO; rather, there
may be local maxima and minima. Our range of values for VA is in the lower half of those summarized by
Evans et al. (2008), which included estimates from the type of MHD model we used (Lionello et al., 2009).
Their range of Alfvén speeds through the middle corona was 100–1,500 km/s, consistent with our belief
that a wide range of field strengths will be found in this region. Spatial variation of Alfvén speeds found in
substreamer, inner coronal regions as suggested in Figure 11, could promote reflections that induce local
wave dissipation (see, e.g., Matthaeus et al., 1999). Thus, it is not inconceivable that considerable magnetic
wave energy is dissipated into the plasma in the equatorial middle corona in proximity to zones of initial
slow solar wind acceleration.
The Alfvén speeds, together with estimates of magnetic transverse fluctuations, 𝛿B, obtained from FR fluc-
tuations studies (e.g., Andreev et al., 1997; Wexler et al., 2017), allow estimation of Alfvén wave energy flux
density. The relatively low magnetic field strengths found here result in low Alfvén wave energy flux locally.
Since the Alfvén wave energy scales as 𝛿B2VA, and 𝛿B generally scales with the background field strength,
the energy flux density is highly sensitive to magnetic field intensity. Our work suggests that nonuniform
MHD wave energy flux should be expected in the middle corona. The techniques presented here provide a
way forward to probe the complex inner coronal regions for study of MHD wave radio signatures and energy
transport. We plan to extend our work to these topics in future investigations.
6. Conclusions
In this study we explored a region of the low-latitude middle corona using radio observation techniques
then compared the observed FR to that given by a hybrid model based on CCMC MAS magnetic field output
and electron density information related to observed frequency shifts. The magnetic field strength values
obtained from the CCMC model produced results consistent with the observed FR when scaled up by 20%.
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Our example demonstrates the potential value of the model as applied in complex coronal magnetic struc-
tures, provided that the field may be considered quasi-stable in the given CR. We expect that the model would
be less useful in active solar conditions with relatively rapidly changing magnetic field conditions and erup-
tive events. Nevertheless, if confirmed with additional data, the hybrid approach combining frequency shift
observations with MHD model fields will break new ground in enabling detailed analysis of deep coronal
regions without the assumptions of simplified field geometry or dependence on solar outburst events.
Electron number density curves obtained directly from the MAS model were too low to achieve the amount
and form of the observed FR. However, when the Leblanc electron density model was adjusted using radio
frequency shift data, the resulting four-term power law for electron density (equation (22)) led to good
concordance with FR observations. Although generally consistent with previous parameter model approxi-
mations of average ne, the frequency shift method provided additional detail specific to this particular data
segment. A steep rise in electron concentrations below = SO1.7R⊙ was found. We speculate that this den-
sity pattern may be related to steep gradients near a streamer boundary (Guhathakurta & Fisher, 1995) but
also note the order-of-magnitude density changes recently reported in within white light streamer struc-
tures (DeForest et al., 2018). Further studies using the frequency shift analysis in the middle corona should
contribute new insights about variations in plasma density structure.
Incorporation of MHD models into observation-based analysis should advance our understanding of coro-
nal energy transport and acceleration of the solar wind. The coronal magnetic field is a key pillar of coronal
organization and dynamics. Our findings indicate that the low-latitude middle corona includes nonradial
and asymmetric magnetic fields. From the variability in field intensity along the LOS we infer that a range
of Alfvén wave speeds and MHD wave energies will be found in the middle corona, with nonuniform distri-
bution. A broad radio observing campaign will be needed to accumulate data from multiple sites and solar
activity levels to confirm these impressions. As additional analyses are conducted, a more complete picture
of the challenging middle-coronal magnetic landscape will emerge, allowing MHD wave heating and other
mechanisms (Cranmer et al., 2015; Woolsey & Cranmer, 2015) to be more thoroughly evaluated.
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Alfvén Wave Energy in the Mid-Corona
The present research program introduces methods to characterize the electron density
fluctuations and magnetic field variations believed to signify the presence of propagating waves
in the mid-corona. In this chapter, key techniques and main findings of the three first-authored
publications will be placed into context by illustrating new results from ongoing studies.
Challenges and unresolved issues that became apparent early in the course of the research leading
to the first publication (hereafter, DW1; Chapter 2, Wexler et al. (2017)) were partly addressed in
the subsequent papers. In DW1 it was seen that Faraday rotation fluctustions (FRF) are readily
identified in the corona, but interpretation relied on existing models for magnetic field and electron
number densities. In addition, it was assumed that the FRF were due mostly to magnetic field
fluctuations consistent with Alfvén waves, rather than density fluctuations that would suggest
magnetosonic waves. Detailed study of the coronal density fluctuations and background magnetic
field structure was essential in order to address more carefully the questions of MHD energy
transport through the mid-corona. In the second publication (DW2; Chapter 3, Wexler et al.
(2019a)), the density fluctuations were addressed, not only in the mid-corona using MESSENGER
2009 data, but also out into the extended corona beyond 2.5R⊙ using archival HELIOS data.
One important method developed in DW2 was the formulation of the inferred electron density
fluctuation spectrum from the observed frequency fluctuations (FF). The third publication (DW3,
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Chapter 4, Wexler et al. (2019b)) helped constrain magnetic field strength information along the
LOS using a combination of the Faraday rotation data from MESSENGER 2009 observations
and the magnetic field solutions from a 3D coronal model. Thus, background and techniques
to evaluate electron density fluctuations, the background magnetic field and its fluctuations -
the building blocks for evaluating MHD waves in the middle corona - were established in the
publication trilogy.
The tools and reference points established in DW1, DW2, and DW3 will now be further devel-
oped and applied to MESSENGER 2009 (relative solar quiescence) and MESSENGER 2013 (ac-
tive Sun) radio observations. In section 5.1, FR calculations aided by maps of Carrington-rotation
specific coronal magnetic structure from Community Coordinated Modeling Center (CCMC) 3D
models, are used to estimate mean coronal B field, a critical parameter needed for determination
of Alfvén wave speed. Finally, with all pieces in place, I proceed in section 5.2 with an integrated
analysis of FRF that suggests the overall dominance of Alfvén waves over slow density waves,
and regional Alfvén wave energy flux densities sufficient to potentially play a role in solar wind
acceleration. It is anticipated that this work will be prepared for publication in a peer-reviewed
journal.
5.1 The Mid-corona magnetic fields
Knowledge of the magnetic field structure and intensities is essential for framing out coronal MHD
wave energy calculations. The Faraday rotation observations contain magnetic field information,
but to unlock that information, a few key issues must be addressed: the integration path length,
field orientation relative to the radio ray path and plasma electron density radial profile. The
equations for Faraday rotation calculations are presented in section 5.1.1, then the approach
to estimate the effective integration length and field orientation are discussed in section 5.1.2.
Mid-coronal magnetic field intensities are estimated from MESSENGER 2009 and 2013 radio
observations in section 5.1.3, then compared in a summary plot to values in the literature.
5.1.1 Faraday rotation in the corona
Faraday rotation (FR) of a radio signal containing a linearly polarized component occurs in mag-
netized plasma. As discussed in section 1.4.1, change in the polarization position angle, ∆χ, occurs
in proportion to the integrated product of the electron density, and the magnetic field as projected





neB · dS (5.1)
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with ξ = 3.35× 10−16rad T−1 m2 for the MESSENGER radio observations (X-band, 8.4GHz).













(hereafter, METHOD A) where the electron density, ne is the representative value at the line-
of-sight (LOS) point of closest solar approach (the proximate point), and the associated effective
integration path, ∆S, must be suitable for the specific magnetic field configuration being studied.
Since coronal FR analysis always involves LOS integration, assumptions or models for the electron
density and magnetic field distribution along the sensing path must be applied.
While useful in theory, implementation of equation 5.2 has limitations. The FR measurement
is assumed to be corrected to the total rotation, corrected for the nπ turnover in polarization
position angle and any FR offset applied from the end of the data stream. Since it may be difficult
to obtain an accurate FR offset to assess absolute total rotation, equation 5.2 may be converted to
two useful auxiliary versions which estimate LOS-aligned magnetic field intensity based on change
in the observational parameters obtained from the time series.
For a time-series data segment in which the associated frequency shift is small, change in
observed FR is attributed to the distance-dependent evolution in |B| and ne. The solar offset
(SO) is the heliocentric distance to the LOS proximate point. If some |B||2| is known at SO2, and












(METHOD B). This method is useful to evaluate intermediate FR data for which the magnetic
field strength at one end or the other of the data segment has already been estimated using
METHOD A above, or METHOD C as given next.
When a sizable frequency shift is observed over a relatively short time interval, this implies
large changes in electron density that dominates the change in FR over a limited SO range. If
the magnetic field is considered stable during this short interval, the mean LOS-aligned magnetic







where column density ∆Ne may be found from the observed radio signal frequency shift ∆FN







with classical electron radius re = 2.818×10−15m. For short time segments ∆T , equations 5.4 and








(METHOD C). Since METHOD C does not require an explicit effective integration length or an
explicit electron density model, it can serve as a check on results from METHOD A. METHOD
B is used to estimate field strength at waypoints along the FR curve, once an endpoint result is
obtained from METHODS A and/or C. These equations will be used to analyze the MESSENGER
2009 and 2013 mid-coronal data in section 5.1.3.
When building a model to evaluate the mean coronal field strength for a given region, consid-
eration must be given to the orientation of magnetic field lines with respect to the sensing radio
path. Further, an effective integration length, ∆S, must be established, since quantities derived
from the FR will be scaled by this parameter. It turns out that the effective integration length is
linked to the magnetic field orientation problem; they are tackled together. As a prelude to the
FR calculations, the effective integration length issue will be discussed next.
5.1.2 Integration Length
When open magnetic fields are broadly spread with radial-like configuration in the corona, the
effective integration length, ∆S, is related to the power-law approximation of electron number
density, ne, on the assumption of radial symmetry. Electron density varies along the sensing LOS
in accordance with the heliocentric distance to each point on the LOS. If the electron number
density in equation 5.2 is taken to be the value at the LOS proximate point, then there will be an
effective integration length, ∆S, such that the column density, Ne is found as simply
Ne = ne∆S (5.7)
Both Ne and ne are usually modeled with radial symmetry, such that radial dependencies of
density may be used to determine column density along the entire LOS in an internally consistent
fashion. In regions of limited SO radial extent, the electron density can be scaled with a single
power law of form r−α. Power law index α tends towards the classical inverse square value of
2 at some distance into the extended corona, once solar wind velocity has stabilized. However,
the power-law index is distinctly higher in the mid-corona, and further elevated in the lower
corona. Electron density power laws were discussed in papers DW2 and DW3. In addition, DW3,
building on the work of Efimov et al. (1990), Dolbezhev et al. (1986), showed that for electron
density of power law form r−α, the associated column density would be of form k(α)r1−α, with
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for idealized integration over ±∞. The radial dependence of ∆S, found from Ne/ne in equation
5.7, is then k(α)r. Depending on the value of power law index α, ∆S is up to a few times the
solar offset distance. From a practical point of view, however, most of the column density is
concentrated into just a few solar radii along the LOS in both directions from the proximate
point. It can be shown with numerical integration that if we limit the LOS integration path to a
few solar radii to either side of the proximate point, Ne/ne ≈ r, and ∆S approximates to solar
offset R. This justifies the commonly used rule of thumb in FR studies that integration length is
equal to R1. Thus ∆S = R when the probed magnetic field is roughly a broad radial field pattern
without prominent closed field components.
The other main magnetic field scenario of interest is that of closed magnetic fields (loops)
extending outward, as may be seen within streamer bases projecting upward from the lower corona
into parts of the mid-corona (see e.g. Figure 1.4). There is a striking pattern of white-light radial-
like structures flanking and overlying the base of streamer closed fields. Studying the white-light
pattern of streamers overlying active regions, it is found that closed loop fields should have an
effective LOS integration length less than ∆S = R used for open field regions, assuming the path
of the radio LOS into the sky plane encounters a magnetic field structure similar in character to
that seen on the sky projection. Consider a planar closed loop centered at the solar surface in
the force-free condition (j×B = 0). For a semicircular arc, the magnetic field strength increment
outward, ∆Br should be equal and opposite to the perpendicular increment, ∆BS, that follows
sensing path S in a rectangular coordinate system. The divergence-free relation ∇ · B = 0 in the







from which it is seen ∆S ≈ ∆R, where ∆R = (r − 1)R⊙ is the distance from the solar surface to
the LOS proximate point.
Even though ∆S is smaller for the closed field configuration than the open field configuration,
the former is expected to produce greater FR because the field strengths and electron densities
are typically greater in the active regions from which the closed field emerge. The central LOS
regions near the proximate point have the magnetic field relatively aligned to the sensing radio
1to clarify the nomenclature: R = rR⊙ where r is number of solar radius units from the heliocenter to the LOS
proximate point, and solar radius R⊙=696,000 km
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ray path (see e.g. Figure 5.2) and thus contribute substantially to the FR LOS integration. In
contrast, the open fields should produce diminished observational FR in general. In the most
extreme case, relatively uniform radial fields across the proximate point will result in little net
FR, because components LOS-projected on one side of the proximate point will tend to cancel
those components on the other side since those project onto the LOS in the opposite direction,
as pointed out by Jensen (2007) and others. However this finding of no or little FR is unusual
(Pätzold and Stelzried, 1987). Non-zero FR obtained in primarily radial field configurations implies
either electron density asymmetries and/or magnetic field asymmetry. The latter may arise with
a polarity-reversal sector boundary, and the maximum observed FR would occur when the sector
boundary coincides with the proximate point, e.g. Kooi et al. (2014), Ingleby et al. (2007). Even
then, the LOS-aligned magnetic field intensity deduced from FR would be only about 15 percent
of the underlying radial magnetic field strength, due to the projection effects. Non-radial magnetic
fields components could result in a lesser underestimation of field strength due to projection.
The variable projection effects and geometric deviations of unknown degree from the idealized
scenarios above, make if difficult to determine the extent to which ⟨B||⟩ likely underestimates
the actual magnetic field intensity in a given case. In the work that follows a conservative and
consistent correction factor of two is applied to estimate ⟨B⟩ from the FR-derived ⟨B||⟩.
5.1.3 Magnetic field intensity
First the radio data from 11 May 2013 MESSENGER observations are considered. Both the
frequency shift and ∆χ data are used, to make use of the three METHODS introduced in section
5.1.1. The solar activity was fairly strong, consistent with the upper rising active phase of solar
cycle 24. A composite image of SDO AIA 131 with SOHO LASCO C2, is shown in Figure 5.1.
The LASCO C2 coronagraph shows a broadly distributed pattern of streamers, while the AIA
image indicates an elevated state of solar activity on the disk.
The Community Coordinated Modeling Center (CCMC) MHD 3-D coronal model (“MHD about
a sphere”, MAS) was obtained to show the magnetic field predicted by the MHD equations for the
specific Carrington rotation (CR 2176), Figure 5.2. The LOS proximate point is located at SO
1.65R⊙, in a region of enhanced-strength closed magnetic field. MHD solutions suggest a magnetic
field strength of about 80,000 nT near the proximate point; after scaling up by a factor of 1.2 (see
DW3), the adjusted CCMC magnetic field strength for SO 1.65R⊙ is 96,000 nT. Let us see how
this compares with magnetic field intensities derived from the radio observational data.
The MESSENGER 2013 frequency-shift and FR data are shown in Figure 5.3. Over the 3200-
second data interval, the LOS proximate point proceeds with ingress from SO 1.82 to 1.65R⊙.
The FR curve becomes gradually steeper, while the frequency-shift curve becomes steeper only
after about 2000 seconds in the record, at about SO 1.7R⊙. First METHOD A is applied at SO
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Figure 5.1: Composite image of Sun and Corona, May 2013
This composite image consists of SDO AIA 131 solar image with the white-corona corona from the
LASCO C2 imager. The approximate path of the 11 May 2013 MESSENGER radio signal prox-
imate point over 1.8-1.6R⊙ is shown with the yellow bar. (http://www.helioviewer.org; retrieved
17 Feb 2019)
1.65R⊙, where the the FR is at least 42 radians in magnitude. Taking ne = 5.5 × 1012m−3 from
the Mercier-Hollweg equation (DW2, DW3), and the effective integration length ∆S = 0.65R⊙ for




= 50, 000 nT. Based on the
2x correction for projection as discussed in the last section, it is estimated that B = 100, 000 nT
for SO 1.65R⊙, which compares favorably to the value of 96,000 nT from the CCMC MHD model.
Note that no initial FR offset was added to the observational FR since it is unknown; it would be
expected to be much less than 42 radians and therefore increase the derived field intensity estimate
only modestly.
Next the data in Figure 5.3 are evaluated segmentally. Time intervals [2000:2500] and [2500:3200]
(in seconds) are suitable for analysis using METHOD C (equation 5.6) because of the strong fre-
quency shift trend. From the first of these segments, of mean SO 1.70 R⊙, a change in the FR
of about 5 radians, together with average frequency shift of 10 Hz over 500 seconds, yields a field
strength of 96,000 nT after applying the 2x correction for LOS projection effects. The second
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Figure 5.2: Magnetic field strengths in the corona
Magnetic field solutions for the MHD coronal model (CCMC, MAS model), for Carrington ro-
tation 2176, at constant one degree latitude plane, sweeping Carrington longitude range 90-180
degrees. The passage of sensing LOS passes the proximate point (”X”) as shown, moving into
different planes not shown here; this is an approximate view from above and most accurate at the
proximate point. The main region of radio integration path (dashed line) traverses a fairly promi-
nent closed field region. (https://ccmc.gsfc.nasa.gov/ungrouped/SH/SHsearch.php; retrieved as
file DavidWexler070717SH2, on 29 July 2019.
segment, of mean SO 1.69 R⊙, had FR change of 15 radians with average frequency shift 20 Hz
over 700 seconds, producing a field strength estimate of 103,000 nT. METHOD C thus produces
magnetic field strength estimates similar to those of METHOD A and the CCMC coronal model,
without specifying the integration length or electron density model.
The time interval [1000:2000] seconds has an associated change in FR of 13 radians, and is
suitable for analysis by METHOD B (equation 5.13). Taking B = 100, 000 nT at SO2 = 1.713,
then using the Mercier-Hollweg electron density model, we find the field strength at SO1 = 1.765
to be 70,000 nT. Using that field strength estimate for SO2 = 1.765 at the end of time interval
[0:1000] seconds, METHOD B gives a field strength of 54,000 nT at the beginning, SO1 = 1.817R⊙.
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Figure 5.3: MESSENGER 2013 data.
Above: Baseband frequency time series, with the 5-point weighted running average shown in black.
Below: Change in polarization position angle, ∆χ, indicates the Faraday rotation, in radians.
In all these estimates, the error is at least a factor of three, given the uncertainties in FR offset,
optimal number density model and integration length. A summary of magnetic field strengths for
the MESSENGER 2013 mid-coronal studies is given in Table 5.1.
The MESSENGER 2009 data, obtained near solar minimum of solar cycle 23, were addressed
in various aspects in papers DW1, DW2 and DW3. The CCMC MHD coronal model (Figure 5.4)
shows the LOS proximate point situated in a zone of low magnetic field strength between two
higher-intensity closed loop regions that probably correspond to base of streamer regions. Now
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Table 5.1: Summary of magnetic field strength estimates, MESSENGER 2013.
Mean magnetic field strength, ⟨B⟩, at the points of closest solar approach (solar offset, SO, in
R⊙ units) in the mid-corona, as determined from the FR methods and from the CCMC coronal
MHD model. FR is the observational rotation in continuous (nπ turnover removed) polarization
position angle, either as a total value (METHOD A) or as an incremental change (METHODS
B and C). ne is electron number density, ⟨∆FN⟩ is the mean frequency shift in the radio data
for the interval under analysis. Note that the FR-derived field strengths have been corrected for
projection effects using a multiplier of two (section 5.1.2).
interval METHOD FR (rad) ne (m−3) ⟨∆FN⟩ (Hz) ⟨B⟩ (nT) SO (R⊙)
CCMC 96,000 1.65
0:3200 A 42 5.5e12 101,000 1.65
2500:3200 C 15 20 103,000 1.69
2000:2500 C 5 10 96,000 1.70
1000:2000 B 13 4e12 70,000 1.765
0:1000 B 7 3.5e12 54,000 1.817
methods A,B, C are applied to calculate estimates of magnetic field strength based on the FR
data as shown in figure 9 of DW3 and frequency-shift data as given in figure 2 of DW3. The offset-
Figure 5.4: Magnetic field strengths in the corona, MESSENGER 2009
MHD model magnetic field solutions (CCMC, MAS model), for Carrington rotation 2090, giving
a partial view from above at constant twelve degree latitude plane. The passage of sensing LOS
passes the proximate point (”X”) as shown, moving into different planes not shown here. The
main region of radio integration path (dashed line) traverses a fairly subdued field between two
foci of enhanced magnetic intensity.//(https://ccmc.gsfc.nasa.gov/ungrouped/SH/SHsearch.php;
retrieved as file DavidWexler022117SH1, on 10 August 2019)
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Table 5.2: Summary of magnetic field strength estimates, MESSENGER 2009.
The symbols and methods below are the same as those described in Table 5.1
interval METHOD FR (rad) ne (m−3) ⟨∆FN⟩ (Hz) ⟨B⟩ (nT) SO (R⊙)
CCMC 6,000 1.60
0:14400 A 9 1e13 4800 1.61
0:4000 C 20 4200 1.64
8000:14400 B 1.5 3.5e12 4800 1.75
14400 A 1.9 2e12 4400 1.86
corrected FR at SO 1.605R⊙ was 9 radians. This value is applied to METHOD A at SO=1.605R⊙.
As determined in DW3, there is a steep rise in electron density below 1.7R⊙ (see figure 7 of the
paper). For electron density, ne = 1.0 × 1013 is used; it is an intermediate value in the range of
density models given in DW3. As an apparent open field inter-streamer region, integration length
was set equal to solar offset, ∆S = 1.605 R⊙.




= 2400 nT, so the full background
B magnitude, estimated to be about double the projected value, is 4800 nT by METHOD A at
SO 1.605R⊙. By contrast, the CCMC model output indicates approximately B = 5000 nT (see
Figure 5.4), scaled to 6000 nT when multiplied 1.2 in accordance with DW3. A cross-check is
provided by application of METHOD C to data in the interval 0:4000 seconds. Using ∆χ = 3.5




= 2100 nT; ⟨B ⟩ = 4200
nT after correction for LOS-projection. Applying METHOD A on ∆χ = 1.9 rad at SO 1.86R⊙,
⟨B ⟩ = 4400 nT. Using METHOD B to estimate the field strength at 1.75R⊙ starting with the
results at SO 1.86R⊙, ⟨B ⟩ = 4800 nT. These magnetic field strength estimates are summarized
in Table 5.2.
All such estimates of local representative magnetic field strengths are rough, and again con-
sidered to be within no better than a factor of three, since LOS calculations obscure the actual
complexity of the mid-coronal magnetic field structuring and field intensity distribution (see DW3,
Figure 8). As additional data are collected for a various activity states, and analyzed by these
methods, a clearer picture of the coronal magnetic field variation should emerge.
In Figure 5.5, estimates for middle corona magnetic field intensity (absolute values) for the
MESSENGER 2009 (quiet Sun) and 2013 (active Sun) are plotted together with results from
several studies. The MESSENGER 2013 results are close to the average values for B strength
reported in the literature and also close to the equivalent values in the corona as determined by
reverse inverse square scaling from 7 nT at 1 AU. The MESSENGER 2009 results seems distinctly
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Figure 5.5: Magnetic field strengths in the corona, summary of multiple studies.
The mid-coronal magnetic field strengths based on MESSENGER 2009 (MSR2009) and 2013
(MSR2013) analyses in this work show considerable contrast; the former is most likely an inter-
streamer region during low solar activity while the latter samples a closed magnetic field region
during a relatively active solar state. Composite of results by Dulk and McLean (1978), radio burst
methods by Mancuso et al. (2019), HELIOS spacecraft Faraday rotation results of Pätzold and
Stelzried (1987) are shown for comparison. The Hoekesema and Scherrer potential source surface
results, as described in Bird and Edenhofer (1990), are shown as a vertical band at SO 2.5 R⊙. A
rough composite of lower corona magnetic field strengths is included, based on Koutchmy (2004),
Dulk and McLean (1978). The gray band shows the expected coronal field needed to support the
findings of 5-9 nT field strengths at 1 AU, using inverse-square law scaling. The plasma structure
is magnetically dominated in the region where plasma β, the ratio of thermal to magnetic pressure,
is less than one.
low by comparison, but are still close to the range shown for Hoekesema and Scherrer potential
source surface results as described in Bird and Edenhofer (1990). The low field strength could be
due to regionally low magnetic field between two closed field regions (probably streamer bases)
as suggested by the CCMC model (Figure 5.4). Alternatively, the low field strength calculated
from FR might be low due to near radial alignment of the magnetic field, with net cancellations
of oppositely directed field components across the proximate point.
In summary, the FR analysis, aided by frequency-shift measurements and magnetic structure
information from CCMC models, provides field strength information in the mid-corona. The
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Figure 5.6: MESSENGER 2009 Frequency fluctuations and Faraday rotation fluctuations
Left: FF (upper panel) and FRF (lower panel) time series, with the running 5-point weighted
averages shown in black for FF and in red for FRF. Right: power spectral densities for the FF (in
black) and the FRF (in red).
limited results suggest there could be wide variation in magnetic field strengths, on the order of
a magnitude, between active, closed field regions and those of nearby low-heliolatitude, presumed
inter-streamer regions.
5.2 MHD waves in the mid-corona
5.2.1 Analysis of Faraday rotation fluctuations
Fluctuations in observed FRF may arise from variations in electron density and from LOS-aligned
disturbances of the magnetic field. In contrast, the frequency fluctuations (FF) are sensitive to the
time-rate of change in electron density on the LOS (DW2), and thus detect only the net electron
column density fluctuations. Observational FRF without correlated FF (in the time-derivative)
are consistent with a predominance of transverse magnetic fluctuations, the Alfvén waves, crossing
the LOS. Alfvén waves are non-compressive and should not produce oscillations in the observed
FF. Figure 5.6 shows a sample of FRF time series (left, lower panel) in the MESSENGER 2009
data. The concurrent frequency fluctuations data (left, upper panel) show that FF and FRF are
not simply shadow curves of one another. The FRF on first inspection do not appear to be due
primarily to electron density fluctuations. Similarly, the power spectra of these time series show
differences (Figure 5.6, right); one is not a multiple of the other.
The presence of FRF in single-station observations does not prove the presence of propagating
MHD waves (see section 1.4.3). However, two-station studies using cross-correlation (Efimov et al.,
2015a, Bird, 2007, Jensen and Russell, 2009) did provide evidence of wave propagation based on
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FRF findings. Here the means to prove wave propagation are unavailable; the fluctuations are
interpreted as wave effects, and modeled accordingly.
The presence of enhanced spectral power at 3.5 mHz on the FRF power spectrum (in red,
Figure 5.6 right panel), but not present on the FF, suggests a magnetic fluctuation wave train.
Statistically significant quasi-periodic components (QPC) in FRF found at 3.3 and 6.1 mHz were
described in DW1. FRF oscillations consistent with Alfvén wave quasiperiodic wave trains have
also been described previously (Efimov et al., 2000, Chashei et al., 1999, Bird, 2007, Efimov et al.,
2015b, Jensen et al., 2013b) in various frequencies. The physical significance of these transient
wave trains of varying frequencies remains uncertain. In section 5.2.4 the energy flux density of
a sample QPC from MESSENGER 2013 data is calculated. For now, the analysis of FRF as a
spectrum of waves is emphasized.
At mid-coronal helioaltitudes, the fractional density fluctuation averages less than 0.02 (DW2),
similar to levels reported by Mohan et al. (2019) in a mid-corona solar radio burst study, but 2-3
times higher than the values given in Mugundhan et al. (2017) found by a different radio burst
analysis technique. One might ask whether the fluctuations of electron density is sufficient to
contribute significantly to the observed spectrum of FRF. To examine this question in the mid-
corona using the available MESSENGER radio data, we draw upon concepts and findings from
all three papers (DW1, DW2, DW3).





(n · δB|| + δn ·B||)dS. (5.10)
Hollweg et al. (1982) defined the variance in FRF time series, ⟨δϕ2⟩, using the autocorrelation













||LB + 2neBs⟨δne · δB||⟩LnB)dS (5.11)
where the Li are correlation lengths. This model essentially sums the individual parcels of variance
along the effective LOS. The correlation lengths are important in scaling FRF calculations and
will be addressed in the next subsection. Here the correlation lengths for density oscillations and
magnetic field fluctuations along the LOS will be considered equal to one another. A correlation
length can be roughly equated with width of a fluctuation-containing plasma slab, and is hereafter
labelled LLOS. The fluctuation variance adds linearly with the number of such slabs along the
effective LOS (section 1.6.3). Accordingly, the total RMS fluctuation adds as the square root of
the number of slabs, analogous to the increasing distance from the starting point in random walk
statistics.
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In order to develop the intuition on how to implement the FRF integral with the observational
data, let us first study the expected effect of isolated electron density fluctuations, that is, the first
right-hand term in equation 5.11. An FRF time series attributed entirely to density fluctuations,




δne(t, S)B||(t, S)dS. (5.12)
For the single slab, we assume the electron density variation is represented across the slab width
as δne and the magnetic field strength to be the average value acting across the slab integration












where ν is the fluctuation frequency. The total number of similar slab variances added up along
the effective integration path ∆S, taken to equal the solar offset R for open field regions (see






Note that the slabs are assumed to have equivalent statistical properties across the effective inte-
gration path, which is reasonable if the path length isn’t too great, the time interval not too great
and solar activity not too unsteady.
The power spectral density of electron fluctuations |δne(ν)|2 is inferred from the frequency






where frequency fluctuation measure FM(ν) is the FF power spectrum normalized to radio wave-
length.












Figure 5.7: Power spectrum for Faraday roatation fluctuations, MESSENGER 2009
The FRF spectrum attributed to the density fluctuations acting on the mean magnetic field are
shown in black. In red is the observed FRF spectrum.
The FRF power spectral density attributed to electron density fluctuations only, contrasted
with the observed FRF power spectrum, is shown in Figure 5.7. For the MESSENGER 2009
data near SO 1.63 R⊙, the mean LOS-aligned magnetic field strength used was about 2500 nT, as
described in in section 5.1.3. It is interesting that equation 5.17 is not dependent on the product
of length scales, LLOSR, since the factor cancels out. In this sample it is clearly evident that the
observed FRF cannot be attributed primarily to density fluctuations acting on the background
magnetic field. Rather, the density contribution to FRF spectral power is about two orders of
magnitude lower than that in the observations, or about ten percent in RMS contribution. For
comparison, Hollweg et al. (1982), using a different approach on extended corona HELIOS data,
reported that some 96 percent of variance could be attributed to magnetic fluctuations, and about
20% of RMS FRF attributed to the density fluctuations.
The initial analysis indicates that magnetic fluctuations play a dominant role in producing the
observed FRF. From equation 5.11 it is seen that the second two terms in the FRF variance
integral are the n2eδB2|| portion corresponding to non-compressive, transverse Alfvén waves, and
the 2neB||(δne · δB||) part that represents magnetosonic (magnetoacoustic) waves that do include
density oscillations. There are both theoretical and observational reasons to support the view that
the non-compressive magnetic disturbances of Alfvén waves are dominant in coronal FRF.
Magnetosonic waves transmitted upward from the solar surface dissipate rapidly and are unlikely
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to be the direct source of energy transport outward into the corona, e.g. Cranmer and Winebarger
(2019), Hollweg (1974). Most acoustic and magnetosonic wave signatures in the low-to-mid corona
may be locally produced, and associated with dissipative processes (Suzuki and Inutsuka, 2006,
Suzuki, 2002) Rather, the Alfvén waves play the key role in wave/turbulence-driven models for
coronal heating and acceleration (Cranmer et al., 2015, Sakurai, 2017, Arregui, 2015). Let us
check whether the observational signatures favor compressive MHD waves or Alfvén waves.
The power spectra may be integrated over the bandwidth of interest (here 1-28 mHz, see section





and the RMS values are simply the square root of variance found in this way. Using the fractional
fluctuation definitions based on RMS values, ϵn ≡ σne/ne and ϵB ≡ σB||/B||, equation 5.11 is now























n + 2ϵnϵB + ϵ
2
B. (5.21)
For the MESSENGER 2009 mid-coronal data shown in Figure 5.7, ϵ2tot = 0.062. In DW2, ϵn
was determined to be about 0.017, and so in this case it contributes little to ϵtot and the observed
FRF. If magnetosonic waves are to solely account for the observed FRF, 2ϵnϵB = 0.062 implies the
magnetic field fluctuation would need to be about 1.8 times the mean background field strength
to explain the observations, a highly non-linear scenario. That leaves the transverse magnetic
fluctuations as the main contributor to σ2FRF , with ϵB expected to be on the order of 0.2, a
physically realistic fraction. For this mid-coronal data, the Alfvén waves appear to dominate the
FRF.
Taking the magnetic fluctuations to be the main source of FRF, equation 5.15 may be rewritten
using the magnetic fluctuations rather than the electron density fluctuations as the source of the






This magnetic fluctuation spectrum represents the Alfvén waves, and provides a path to estimate
coronal Alfvén wave energy via the integrated quantity σ2B||. It is readily seen that LLOS sets the
scaling for δB2||(ν). This important scaling length is addressed next, before deducing the intensity
of magnetic fluctuations and the implied MHD wave energy.
5.2.2 Correlation Length
The correlation length scale, LLOS, is a critical parameter since it sets the fluctuation amplitudes
for both FF and FRF, and thus has bearing on waves energies and our general understanding of
coronal physics. Hollweg et al. (2010, 1982) gave careful consideration to this parameter in studies
of HELIOS FRF data.
Consider two different ways to get an estimate of the correlation length. The length was origi-
nally described as an autocorrelation length in the context of FR variance being studied in HELIOS
data. Hollweg et al. (1982) noted that the variance integral could be expressed using autocorre-
lation lengths. This “correlation scale” was associated with magnetic flux tube spacing at the
photospheric level (Hollweg et al., 1982). LLOS was thus linked to magnetic field intensity. Build-
ing on the principles provided in Spruit (1981), flux tube spacing a was described as
a = 1.37× 104B−1/20 (5.23)
in km, when background magnetic field strength, B0, is given in Gauss2. For example, with the
MESSENGER 2013 data for SO 1.6R⊙, the magnetic field strength is 100,000 nT (see Figure 5.5)
so the flux tube spacing calculates to 13,700 km. In contrast, for the 5000 nT field strength in
the MESSENGER 2009 data, the correlation scales to over 60,000 km. The relevance of large
correlation scales for regions of low magnetic field strength is uncertain, and perhaps unsuitable
in certain physical settings. Note however, that in some coronal heating models, the correlation
scale needed to be reduced by a factor of 4 for best results (Cranmer, 2010); on this basis the
correlation scale for MESSENGER 2009 above could be rescaled to 15,000 km.
Using the HELIOS data sets, Hollweg et al. (1982) obtained an empirical formula for the cor-
relation length using the magnetic field strength radial dependence as known at the time:
LLOS = 1.26× 107r (5.24)
in meters, for a given solar offset in unitless r = R/R⊙. For example, SO = 1.6R⊙ would have
LLOS = 2.0 × 107m (20,000 km, 0.029 R⊙). For comparison, in subsequent work Hollweg et al.
21 Gauss = 100,000 nT
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Figure 5.8: Total Solar Eclipse 2008
The eclipse is shown in enhanced contrast white-light coronagraph processing by methods of
the Druckmüller team. The horizontal line ”R” shows the effective LOS integration path, set
equal to the solar offset, about 1.6R⊙. A small scale marked indicates 50,000 km. The stri-
ations crossing the LOS are assumed to be the individual plasma slab elements. Considering
the correlation length, LLOS to be equivalent to a slab thickness, it is estimated from the in-
set enlargement that LLOS ≈ 10,000 km. The figure is illustrative only; the actual LOS pen-
etrates into the plane of the page but is assumed to encounter similar plasma partitioning.
https://apod.nasa.gov/apod/image/1003/corona_druckmuller.jpg; retrieved 24 August 2019.
(2010) determined
LLOS = 3.35× 106r0.918 (5.25)
in meters. For r = 1.6, the formula yields Lcorr = 5200km (0.0075 R⊙). Note however that this
is an extrapolation of the methods and data intended for SO > 3Rs and may not be reliable for
calculations in the mid-corona.
An alternative interpretation of the correlation length is that of plasma “slab thickness” over
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which the fluctuation scales under study are exhibited. Let us now compare the 5000-20,000 km
range in correlation scale from magnetic field considerations above to density slab widths suggested
by white-light coronagraph patterns. The high-resolution eclipse 2008 white-light coronagraph
processed by Druckmüller in Figure 5.8 shows a strip of corona with closest solar approach r = 1.6
R⊙ (1.1 × 109km) which is taken to be integration length R for the case like the MESSENGER
2009 data, where the sensing radio path is crossing mostly open, roughly radial, magnetic fields.
The number of striations crossing the LOS over the effective integration length is on the order of
a hundred. That gives an average striation width, the coronograph correlate of LLOS, of about
10,000 km. Studying the coronagraphs further, it is noted that LLOS doesn’t exhibit obvious
widening with increasing distance out through the mid-corona into the extended corona. This
is in contrast to typical open field flux tube expansion factors, e.g. Wang and Sheeley (1990),
Abbo et al. (2010), Pinto and Rouillard (2017), which stabilize to r2 dependence by around
3R⊙. Interestingly, the steep rise in expansion factor over 1-2R⊙ suggested in those studies is
not readily apparent in Figure 5.8. There is considerable uncertainty regarding the relationship
between white-light density striations and magnetic flux tube dimensions (Craig DeForest, personal
communication). Expanding coronal loop flux tubes may still image as constant width structures
(Peter and Bingert, 2012). Although there is a range of estimates for LLOS in the mid-corona,
it is now taken to be constant at 10,000 km for purposes of the fluctuation calculations in the
mid-corona. This correlation length will be considered a working scale for analysis of the radio
signal variations, without specifying whether it is physically enacted as a magnetic compartment
or a density structure. Continued investigation is needed to better understand and constrain this
important scaling length.
What of the actual autocorrelation length as originally discussed by Hollweg et al. (1982)?
The radio observations permit autocorrelation analysis of the temporal fluctuations arising from
disturbances crossing the sensing LOS. In the MESSENGER 2009 FF data at SO 1.6R⊙, a sample
2000-second frame reveals autocorrelation lag of about 120 seconds. If the density changes are
interpreted as acoustic waves crossing the sensing LOS (DW2) at the speed of sound, ∼ 140
km/s, minus the 13 km/s speed of the sensing LOS due to projected spacecraft motion, the
correlation length is 15,000 km. In this case, the sensing LOS is progressing in egress roughly
along the direction of the streamer plasma slabs. In the stacked slab geometric approximation, the
autocorrelation scale is perhaps most useful to constrain the radial fluctuation scales, LRAD, rather
than the spacing between slabs. In DW2, LRAD = 12, 000km was used in relation to a proposed
solar wind speed profile. It is a rough estimate, however and the matter of radial fluctuation
length scales also warrants further study. As LLOS and LRAD become better constrained, frequency
fluctuation data in the extended corona will become more precise in characterizing the coronal
properties and solar wind acceleration.
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5.2.3 Variance of transverse magnetic fluctuations
The transverse magnetic fluctuations, δB, without corresponding density fluctuations, imply
Alfvén waves propagating along the background magnetic field, B0. In this section, estimation
of magnetic field fluctuation intensity from the FRF observations is accomplished, continuing the
assumption that the contribution from electron density fluctuations is small.
Converting the spectral power density of LOS-aligned magnetic fluctuations, δB2||, equation 5.22,







is used for the coronal stacked slab model. As noted previously, this model assumes that the
observed FR fluctuations are based on a spectrum of oscillations in the magnetic field. The corre-
lation length is set to a constant 10,000 km (see previous section) for the mid-corona. The effective
integration length ∆S is set equal to the solar offset, the distance R, in broad regions of open
magnetic fields, but shorter lengths for specific closed field regions (section 5.1.2). The choice of in-
tegration length is guided by regional 3-D coronal magnetic field structure considerations. Custom
specifications are needed for special cases such as passage of a coherent quasi-periodic component
(QPC) wave train. Three examples are now developed below, and the results summarized in Table
5.3 near the end of the chapter.
In the MESSENGER 2009 data, the inter-streamer region probed by the sensing radio LOS at
SO = 1.61R⊙ is consistent with broad open fields, so the integration length is approximated as
∆S ≈ R. Applying this in equation 5.26, with ne = 5.7×1012m−3 and observational σFRF = 0.127
rad, the RMS transverse magnetic fluctuations is σB|| = 630 nT. With background field strength
about 5000 nT (section 5.1.3), the fractional magnetic field fluctuation is ϵB = 0.12.
For MESSENGER 2013, the sensing radio signal passes through a closed field region (Figure
5.2) at SO = 1.65 R⊙. From section 5.1.2, the effective integration length is (SO − 1)R⊙ for
closed field regions, 0.65R⊙ in this case. The LOS is roughly tangential to field in the region
centered on the proximate point, making transverse magnetic fluctuations undetectable in FR.
It is only the outer regions of the integration path that project (partly) the transverse magnetic
fluctuations onto the LOS; the effective integration is accordingly dropped by a factor of two to
0.325R⊙ for calculation of σB ||. Taking integration length to be 2.3× 105km, and ne = 5.3× 1012
m−3, σB || = 2400 nT. Allowing a factor of two to correct for projection effects on curved geometry,
the result is σB = 4800 nT. The fractional magnetic field fluctuation ϵB = 0.048.
A short quasi-periodic component (QPC) FRF wave train at SO 1.67 R⊙ in the MESSENGER
2013 data is shown in Figure 5.9. The QPC fluctuations at about 7 mHz (period 140 sec) appear
in the FRF observations without corresponding spectral enhancement pattern in the FF. If the
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Figure 5.9: Quasi-periodic component in the MESSENGER 2013 data
Left: FF (above) and FRF (below) time series, showing development of oscillations in the FRF,
of period about 140 seconds, without corresponding variations in the frequency. Right: the power
spectrum of FRF, observed (in red) and the model for density fluctuations alone. Enhanced
spectral power centered on 7 mHz is in the observed FRF power spectrum (red), but not in the
FRF attributed to density fluctuations (black).
QPC wave train is considered due to a coherent magnetic oscillation involving a few slab widths






In this regime, the excess fluctuation σFRF = 0.141 rad in the QPC yields σB|| = 2800 nT. Again
correcting for projection due to curved fields, σB = 5600 nT.
It should again be noted that equations 5.26 and 5.27 are predicated on the assumption that
wave-like transverse magnetic field oscillations pervade the corona to produce the observed FRF,
and that the Fourier analysis provides the spectrum of those waves as summed on the LOS during
the analysis time interval. The fluctuation variance is specific for the given frequency range of
integration (1-28 mHz in this work). The results should be interpreted with this “observational
spectral window” in mind, particularly when comparing with outcomes from other studies.
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Figure 5.10: Alfvén speeds inferred along the sensing LOS
The Alfvén speeds inferred along the sensing LOS are shown with black dots, the magnetic field
strengths in solid line red and electron density LOS profile in orange, based on findings in DW3.
SO =1.605R⊙.
5.2.4 Alfvén Speeds and Alfvén Wave Energy Flux Density
The mean energy density for transverse magnetic fluctuations is σ2B/µ0 in Jm−3. Alfvén wave





in Jm−2s−1, or just Wm−2. The additional factor of two is included to account for FR transverse
fluctuations which cross perpendicularly to the radio ray path, and therefore remain undetected in
the FRF. The magnetic field fluctuation variance, σB, is found using the methods demonstrated in
the previous section, and includes the 2x correction for projection effects when needed for curved
fields. Alfvén speed (equation 1.1) scales with background field strength, B0 and with the inverse
square root of electron density.
In DW3 it was demonstrated that a fairly wide range of Alfvén speeds, VA, may be found along
the sensing LOS in the corona. Whereas the electron density profile along the LOS was well-
behaved, the magnetic field structure was distinctly non-uniform, with departure from power-law
radial dependence. This is shown for the MESSENGER 2009 data in Figure 5.10, with Alfvén
speeds ranging from 50 to 400 km/s and magnetic field strength varying greatly up to maximum
of about 12,000 nT, found at about 3 R⊙ offset from the proximate point. With MESSENGER
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Figure 5.11: Modeled Alfvén wave speeds.
Modeled Alfven wave speeds from Evans et al. (2008), showing the wide variation of estimates.
Estimates from the present studies show low values for 2009 (in red) and elevated speeds for 2013
(in blue).
2013, local Alfvén speed near the proximate point is 950 km/s based on B0 = 100, 000 nT and
ne = 5.3× 1012m−3. The wide-ranging VA estimates reported here are consistent with the findings
of Evans et al. (2008), as shown in Figure 5.11.
The wide range of Alfvén speeds seen in Figure 5.11 are consistent with the sizable variation
in magnetic field intensities determined in section 5.1.3. Steep gradients in the magnetic field
and electron density could play a role in energy transfer by promoting reflections and dissipative
processes, e.g. (Cranmer et al., 2015, Matthaeus and Velli, 2011, Matthaeus et al., 1999). It is
interesting to speculate that possibly much magnetic wave energy is dissipated into the plasma in
the mid-corona, in proximity to zones of initial slow solar wind acceleration.
The calculated magnetic fluctuations determined in the last section are used together with
background magnetic field strengths and electron density information to obtain estimates of Alfvén
wave energy flux density in the three sample regimes. For comparison, the slow density wave energy









Table 5.3: Summary of Parameters and Results.
SO - solar offset, ∆S - effective LOS integration length, LLOS - correlation length, ne - electron
number density (equation 5.2), B0 - background magnetic field strength, T - coronal temperature
(as used in paper DW2, equation 24), EB - magnetic field energy density, Eth - thermal energy
density, β - plasma thermal energy to magnetic energy ratio, σFRF - RMS Faraday rotation
fluctuation, σB - RMS magnetic fluctuation, VA - Alfvén speed, FAlf - Alfvén wave energy flux
density, FDens - density wave energy flux density. ∗ For MSR2013, integration length ∆S was set
to (r-1) R⊙ closed-field approximation for the FR calculation of B0, but set to half that in the
analysis of magnetic fluctuations due to geometrical considerations (section 5.2.3).
Parameter MSR2009 MSR2013 2013 QPC
SO (R⊙) 1.61 1.65 1.67
∆S (R⊙) 1.61 0.65/0.325∗ 0.043
LLOS (km) 10,000 10,000 10,000
ne (m3) 5.7× 1012 5.3× 1012 5.0× 1012
B0 (nT) 5000 100,000 100,000
T (106 K) 1.54 1.50 1.50
EB (Jm−3) 1.0× 10−5 4.0× 10−3
Eth (Jm−3) 1.8× 10−4 1.5× 10−4
β (nT) 14.0 0.037 0.037
σFRF RMS (rad) 0.127 0.205 0.141
σB (nT) 630 4800 5600
VA (km/s) 49 950 980
FAlf (W/m2) 0.05 35 49
FDens (W/m2) 3.4 3.1
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(Dwivedi and Srivastava, 2008), with plasma density ρ = nemp, non-thermal broadening velocity
vNT , speed of sound Cs and solar wind outflow speed Vsw. It has been assumed the propagating
density waves may travel in either direction relative to the bulk outflow,with equal probability, such
that the RMS speed is
√
V 2sw + C
2
s (see DW2 equation 27). The effect of the pressure fluctuations
is reflected in the value for non-thermal velocity. Using non-thermal speed of 50 km/s (Dwivedi
and Srivastava, 2008), number density 5.7× 1012, speed of sound 140 km/s and the speed of solar
plasma outflow about 25 km/s, the rough estimate of energy flux density for the propagating
density waves at SO 1.61R⊙ is 3.4 W/m2. At SO 1.65 R⊙, the estimated density wave energy flux
density is 3.1 W/m2.
The key parameters and results for the mid-coronal analysis are summarized in Table 5.3.
Uncertainty in magnetic field strength determinations, in view of the component uncertainties
in the FR calculations, is considered to be a factor of three. Alfvén wave energy flux density
estimates would be a factor of
√
3 higher due to the propagation of errors. Improvement in
these estimates will require development of methods to better constrain parameters such as the
correlation scaling length LLOS. Also, the attainment of similar overall results (or sub-component
results) by independent methods will greatly improve the confidence in the estimates offered
presently.
These investigations demonstrate strong regional heterogeneity in solar mid-coronal magnetic
structure and magnetic fluctuation intensities. Streamers are organized over closed magnetic
fields and appear to represent regionally concentrated structures, with higher magnetic fields,
electron densities and wave energies than in some mid-latitude inter-streamer regions. In the
solar global dipole configuration (solar minimum conditions), the polar fields are also strong and
highly organized but with open magnetic fields, lower electron densities and higher outflow speeds.
Perhaps the coronal wave energy outflows organize along the relatively concentrated magnetic
structures, leaving some intermediate regions of weaker magnetic organization, higher plasma β
and more variable energy flow. The role of high plasma β zones in contributing to the solar
wind formation is unknown. In any event, the wide variation in densities, magnetic fluxes and
Alfvén speeds through the mid-corona may turn out to be important in the wave interactions and




Signal fluctuations detected in trans-coronal radio observations reveal unique information
pertinent to understanding coronal structure, energy transport and solar wind acceleration. In the
low heliolatitudes and streamer regions generally, the middle corona (or mid-corona, heliocentric
altitudes SO 1.4-2.5R⊙) is particularly challenging to study due to the difficulty in obtaining
direct magnetic field measurements as needed to address the complex and evolving magnetic
structure. The mid-coronal altitudes are too great for most EUV imaging and far too close for in-
situ observations, so the magnetic field strengths and dynamic behavior are studied using indirect
methods. The present research program developed methods to characterize the electron density
fluctuations and magnetic field variations, to analyze the presumed MHD waves in the mid-corona
and beyond. Results of these investigations are now summarized, followed by a discussion of their
coronal physics implications and limitations.
In the publications presented in Chapter 2 (DW1,Wexler et al. (2017)), Chapter 3 (DW2, Wexler
et al. (2019a)) and Chapter 4 (DW3, Wexler et al. (2019b)), a number of findings were revealed:
1. Faraday rotation fluctuations (FRF) and frequency fluctuations (FF) are ubiquitous in the
mid-coronal radio observations and demonstrate a radial distance-dependence (DW1, DW2).
2. The analysis of FF data suggests a paradigm shift from acoustic/slow magnetosonic wave
dominance in the mid-corona, to a pattern dominated by advected quasi-static spatial density
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inhomogeneities in the extended corona (DW2).
3. The middle corona exhibits structural complexity that reduces the utility of simple isotropic
models, e.g. radial distance power laws for magnetic field strength (DW3) and 3-D isotropic spa-
tial “turbulence” formulations of electron density fluctuation (DW2).
4. Coronal magnetic field strength obtained by FR analysis was concordant with the magnetic
field solutions of the corresponding 3-D global coronal model (Community Coordinated Modeling
Center, CCMC) to within a modest scaling factor (DW3). The CCMC MHD coronal model iden-
tifies the bulk structural features of the magnetic field and is complementary to the FR analysis.
5. In the low-heliolatitude mid-corona, spatial variations in magnetic field are associated with a
wide range of Alfvén wave speeds (DW3); such an environment is conducive to wave mixing and
dissipation of turbulent MHD wave energy.
6. In the MESSENGER 2009 data (near solar minimum), Alfvén wave energies implied by the FRF
in the equatorial mid-corona were insufficient to explain acceleration of the solar wind (DW1).
However, additional data and analyses provided in Chapter 5 broaden the description of the
mid-corona magnetic fields, illustrating a wider range of field strengths and inferred Alfvén wave
energies.
Now the main methods and results will be discussed in the broader context of modern coronal
research. The first point is that method of transcoronal spacecraft radio sensing of the corona is
a powerful technique for probing the magnetic and electron density properties of the circumsolar
plasma at high-temporal resolution, and is applicable regardless of solar activity state. This is
unlike the radio burst methods, which yield valuable information on the coronal magnetic fields
and density fluctuations, but necessarily provide a description only for the condition of high local
activity. Use of natural celestial radio sources overcomes this limitation, but the low intrinsic signal
strength and increased integration times needed necessarily restricts the study of fluctuations to
the very low frequencies. For example, in the VLA observations of extragalactic sources (Ingleby
et al., 2007), six-minute integration times were used for each scan. In carefully executed studies
of radio galaxy 3C 228, Kooi et al. (2014) reported the average interval between successive scans
to be 14 minutes, meaning that the upper limit of FR fluctuation detection was just 0.6 mHz. In
contrast, the relatively high power monochromatic signal of spacecraft radio transmissions is easily
detected, so a typical one-second integration time is adequate in radio signal spectral processing,
giving an the upper frequency limit of 500 mHz (Nyquist frequency).
The suitability of spacecraft radio signals to study coronal FR became uncertain when space-
craft radio transmitter design changed from linear polarization to circular polarization. After the
conclusion of HELIOS 2 mission in 1980 and the HELIOS 1 mission in 1986, there were no further
successful transcoronal spacecraft Faraday rotation radio studies of the corona until the pioneering
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Figure 6.1: Parker Solar Probe radio observations, 2019.
Sample X-band radio data were obtained in dual polarization at station DSS 35 on 1 Sep 2019. The
solar offset is 15.6R⊙. Left: The RCP-LCP cross-spectrum (as absolute value) shows a distinct
peak at baseband frequency about -15,300 Hz. The cross-spectrum data are used to calculate
polarization position angles at the one-second spectral integration cadence. Right: the time series
of polarization position angles for an hour of data. The primary results are shown in orange and
the running 5-point, 1:2:3:2:1- weighted mean is given in blue. The changing position angle is the
Faraday rotation (not yet corrected for parallactic angle). The primary telescope data files were
provided by Tom Kuiper, Jet Propulsion Laboratory.
new approach of Jensen et al. (2005), Jensen (2007) on Cassini spacecraft circularly polarized ra-
dio transmissions. Using improved signal processing techniques, the present studies (DW1, DW3)
have confirmed the initial reports on MESSENGER 2009 transcoronal observations (Jensen et al.,
2013a,b) and extended the analysis. Successful implementation of the methods also appears in
a preliminary report on FR in STEREO A spacecraft observations (DW coauthorship, Kobelski
et al. (2016)). The author is now working with investigators from Jet Propulsion Laboratory,
Planetary Science Institute and the University of California, Berkeley on an FR feasibility study
of current Parker Solar Probe X-band data (Figure 6.1).
The first publication (DW1) demonstrated the presence of Faraday rotation fluctuations below
SO 2R⊙. As shown in Figure 6.2, the radial dependence of MESSENGER 2009 FRF data shows
a general continuity with that of the HELIOS 1975-6 observations in the extended corona. In
both cases the solar activity was low and the LOS penetrated the corona at low heliolatitude.
Although there is more scatter and somewhat lower than expected values between 2-3R⊙ than
elsewhere, a general trend for the FRF intensity to follow with electron density multiplied by
the square root of heliocentric distance is noted. This is interesting because ne
√
r is related to
the LOS column density, a core component of the FR integration in the stacked plasma slab
formulation of FRF intensity (see section 1.6.3 and DW1). Also the general spectral organization
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Figure 6.2: Faraday rotation fluctuations, MESSENGER-HELIOS composite.
RMS rotation measures (σFRF/λ2) for the composite MESSENGER 2009 - HELIOS 1975-6 ob-
servations. Scaled electron density curves for the Mercier-Hollweg (solid line, DW2) and Allen
(dotted line, Allen (1947)) models are shown, suggesting that the FRF trend with ne
√
r fairly
well. The HELIOS data were provided by one of my research supervisors, Dr. A. Efimov, at the
Institute for Radio Engineering and Electronics, Fryazino Branch, Russia.
of the fluctuation amplitudes was consistent with results from the HELIOS studies. In DW1 the
background spectral index of FRF at SO 1.7-1.8R⊙ was -2.64, similar to the -2.4 at SO 2R⊙
reported by Efimov et al. (2015b) and quite close to the theoretical -8/3 (see below). Thus the
new results from MESSENGER tentatively establish connections to the HELIOS observations
from decades earlier.
A few comments on the spectral index are warranted. The index itself is simply an exponent
equivalent to the slope of a log-log plot of fluctuation variance versus fluctuation frequency, and
has no intrinsic connection to turbulence. It is often used in the theory of turbulence as a marker of
whether the system is exhibiting developed inertial energy cascade, that is, energy being transferred
to structures with successively higher wave numbers (smaller length scales). In a 3-D system with
isotropic spatial inhomogeneities, the fragmentation and mixing at the different wavenumber scales
is expected to produce the Kolmogorov spectrum with index p = 11/3 (here using positive index
notation1):
1positive index notation is often used in the literature for ease and clarity, but the actual log-log slope is always
negative for the inertial frequency range in turbulent systems
106
G = C2q−p (6.1)
where G is the power spectrum of the fluctuations, C characterizes the intensity of fluctuations in
the medium, p is the spectral index and q is the spatial wave number. Yakovlev (2017) points out
that these are phenomenological representations of plasma statistical fluctuations, not necessarily
actual turbulence in the sense of hydraulic flow. He states that the representation in the form
of equation 6.1 is a convenient description of the statistical density and magnetic field inhomo-
geneities of various causes but the rigorous theory of magnetized plasma turbulence is still under
development. A more detailed discussion of the role of turbulence in coronal energetics is found in
Matthaeus and Velli (2011). Considerable empirical evidence has accumulated to support the role
of Alfvénic turbulence in coronal heating and solar wind acceleration (Sakurai, 2017, Cranmer
et al., 2015, Arregui, 2015), although the matter is not universally accepted, e.g. see Roberts
(2010). Typical Alfvén waves should have periods in the hundreds of seconds if propagating up-
ward from photospheric wave-generating processes, yet the observed spectra usually show greatest
power in oscillations with periods in thousands of seconds. The problem is that observed variations
over thousands of seconds can be the results of not only waves, but also evolution and rotation of
the large scale coronal structure. It was found early in the course of this research that handling
the low-frequency end of spectrum is potentially problematic. Determination of the spectral index
by linear regression is highly sensitive to the nature of the specific spectral processing, filtering,
“detrend” operations, windowing and choice of frequency limits for the fitting procedure. The
spectral index should therefore be obtained and interpreted with caution.
For FRF, the theoretical spectral index for FRF is p − 1, or 8/3, which results from the LOS
integration of a Kolmogorov-like 3-D developed spatial turbulence spectrum (Chashei et al., 2000).
In observational data, there is usually considerable scatter in spectral index measurements (e.g.
(Efimov et al., 2015b, Yakovlev, 2017), found also in the results presented in figure 5 of DW1.
Aside the from general scatter, trends in that figure suggests a physical regime change, in which
a flattened spectral index is evident in the interval leading up to a limited “transient event” of
increased FRF variance, followed by an extended interval with the spectral index averaging about
2.6 in line with the theoretical value for developed turbulence. Such findings may assume greater
significance in a wider framework of turbulence theory and complementary data. At this point
I use the spectral index descriptively and avoid over-interpretation or reliance on the spectral
index due to explain the physics. In the mid-corona specifically, the bulk plasma flow aspects of
turbulence theory will be all the more difficult to predict because the region is a low flow rate
regime and is often permeated by perturbed closed magnetic fields.
The second paper (DW2) evaluated frequency fluctuations (FF) using MESSENGER 2009 data
for the mid-corona, as well as HELIOS archival data from 1975-6. Both data sets were obtained
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Figure 6.3: Frequency fluctuations, MESSENGER-HELIOS-AKATSUKI composite.
The radial dependence of FF assumes a two-component behavior. In the mid-corona, the FF trend
with ne
√
r, while in the extended corona, the fluctuations largely trend with r−3/2. AKATSUKI
2011 observations were provided for analysis courtesy of Professor Takeshi Imamura, University
of Toyko.
near solar minimum, at low heliolatitude, giving information pertinent to streamer regions and the
zone of initial slow solar wind acceleration. The FF showed a break in the power spectral density
plot at around 2.5 R⊙, shifting from a steep power law ne
√
r relation to an approximately r−3/2
power law in the extended corona. This is shown in Figure 6.3, which includes new data added
in from AKATSUKI 2011 radio observations (kindly provided by Professor Takeshi Imamura,
University of Tokyo). This break region is also region of greater scatter in the FRF results (Figure
6.1), and probably represents the cross-over from mainly low-flow, closed magnetic field structures
to the open field streamers and accelerating solar wind. The mid-coronal FF are attributed to
acoustic or slow magnetosonic waves consistent with the interpretation of DW2 and Miyamoto
et al. (2014), while the extended corona FF fit well to a paradigm of advected quasi-static spatial
inhomogenieties of electron density, as discussed in Efimov et al. (2008)) and DW2. The latter
model brings the potential to deduce solar wind speed from the FF data, planned for future studies.
Electron density fluctuations in the near-equatorial mid-corona were found to have a fractional
fluctuation of 0.017±0.002 (DW2). This estimate compares favorably to the value of about 0.014
at SO 1.4R⊙ reported by Mohan et al. (2019) based on analysis of type III solar radio radio
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bursts. In contrast, Mugundhan et al. (2017) reported a fractional fluctuation of ∼ 0.006 for
SO range 1.6-2.2R⊙, again using type III solar radio bursts. Miyamoto et al. (2014) studied the
frequency fluctuations in transcoronal radio observations of the AKATSUKI superior conjunction
of 2011. They interpreted the radio frequency fluctuations as compressive waves, finding fractional
density fluctuations through the mid-corona to be approximately 0.002-0.025, with most values
being 0.008-0.020. Yakovlev (2017) showed a range of about 0.015-0.025 for spacecraft radio
observations of the extended corona, consistent with the result in DW2.
In DW2 a method was developed to correlate the observed FF with an equivalent underlying
spectrum of electron density oscillations in the corona. In Chapter 5 this model was applied
to obtain the inferred FRF spectrum due to compressive fluctuations. After efforts to constrain
the background magnetic field strength, it was determined that the implied spectrum of density
fluctuations within the background field would produce only a small fraction of observed FRF
power spectral density. It was concluded that the mid-coronal MESSENGER data FRF should
be attributed primarily to transverse magnetic field fluctuations, consistent with the findings of
Hollweg et al. (1982) for the extended corona using a different approach. The analysis proceeded
to estimates of Alfvén wave energy flux density calculations, which ranged from 0.05 Wm−2 in the
low field strength, inter-streamer region of the MESSENGER 2009 observations, to 49 Wm−2 in
a quasiperiodic FRF sequence of limited duration and spatial extent found in the MESSENGER
2013 data (see section 5.2.3 and Table 5.3).
With the estimated minimum required energy flux density for solar wind acceleration being a
few hundred Wm−2 (Withbroe and Noyes, 1977), only a fraction of the energy needed is found in
inferred MHD waves of the mid-corona, as studied with the methods and data of this thesis. There
are caveats and further considerations in this regard. First, the amount of data studied was limited,
so there is likely only a partial representation of the mid-corona fluctuation phenomena. It is
encouraging however, that the present study found results in FR, FF, and FRF generally consistent
with earlier work by other investigators. It is also encouraging that the newly added AKATSUKI
frequency data are consistent with findings from both MESSENGER spacecraft recordings and
the archival HELIOS data (DW2). Much of the previous radio FRF and FF data were collected
though observations of the extended corona; the present studies provide a continuation of radio
analysis into the mid-corona, but did not assume that the prior results extrapolate linearly into
the deeper levels of the solar atmosphere. Indeed the FRF and FF show power-law changes below
SO≈ 2.5R⊙ that suggest a physical regime shift.
The great differences in background magnetic field intensity between the 2009 and 2013 MES-
SENGER observations are consistent with those from mapped out field strengths on the CCMC
MHD coronal model (DW3 and section 5.1.3). Additional data are anticipated to confirm the
results here and extend our knowledge of the variable coronal magnetic field environment.
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The results for various magnitudes and variances depend highly on choice of length scales, i.e.
the integration length and the correlation scale. Since both Alfvén speed and magnetic fluctuations
scale with local B0, Alfvén wave energy flux density essentially scales with B30 ; a small scaling error
affecting the magnetic field of fluctuation estimates would greatly impact the estimate of MHD
wave energy. Thus, while Alfvén wave energies of 35-49 W/m2 were found in the MESSENGER
2013 data, a factor of two increase in magnetic field strength due to scaling adjustments would
multiply the inferred energies by a factor of eight. It is reasonable to propose that at the mid-
coronal level, MHD wave energy could contribute a portion of the necessary energy to power the
solar wind. Given that the implied wave energies are found to be much higher at the base of corona
and chromosphere (Srivastava et al., 2017, De Pontieu et al., 2007), the question is raised whether
a good deal of this MHD energy has already dissipated into heat in the mid-corona, just as the
solar wind is beginning to form up and accelerate. The magnetic field and Alfvén speed gradients
discussed in DW3 and Chapter 5 suggest the the environment is suitable for such dissipation.
To pursue such questions with transcoronal radio observations, improved methods and insight to
constrain the correlation scale and other length scales will be needed.
Another limitation in the work arises from an integration bandwidth 1-28 mHz for computation
of the fluctuation variances. The low-frequency cutoff was chosen to avoid artifactual low-frequency
spectral power related to imperfect detrend procedures and other non-wave based power. The high
frequency cutoff was needed due to a flat spectral floor above about 30 mHz as well as compu-
tational artifact arising in the higher frequencies. Earlier studies on transcoronal FR tended to
study longer analysis frames, which allowed spectral analysis down into the sub-mHz range. The
problem of precise slow-trend removal remains however; we do not know with certainty that the
earlier studies do not retain some of the residual low-frequency power from imperfect detrend
procedures. Other sources of low-frequency power, such as the 1/f noise, should also be consid-
ered. At ultra-low frequency, the observations are picking up movement of the large-scale coronal
structure (Marsch, 1991, Bird and Edenhofer, 1990, Bird, 2007), which shows up as low-frequency
power without direct relation to propagating waves. Thus the analysis of low-frequency spectral
power requires special care, and auxillary methods to approach it are desirable. In any event, it is
possible that some of the true low-frequency coronal plasma wave power was not captured in the
protocol used here. Extending the spectral power integration range into the sub-mHz range could
easily double the FR fluctuation, scaling up the Alfvén wave energy flux density by a factor of four.
Thus powering of solar wind acceleration with MHD wave energy remains a viable possibility.
The models developed here to analyze fluctuations of frequency and FR are based on assump-
tions of quasi-stable features and idealized coronal magnetic structures, e.g. open radial magnetic
fields and closed loops. Some sense of the field complexity along the sensing LOS was presented
in DW3, but since the CCMC models are based on Carrington-rotation averaged solar surface
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magnetograms, there is a non-trivial degree of uncertainty in how the coronal magnetic field so-
lutions correspond to the actual magnetic field state at the time of radio observations. Even so,
DW3 showed good correlation between FR calculated using the CCMC 3D coronal magnetic field
model and the observed FR. In contrast, radio burst techniques also give estimates of magnetic
field strength through the mid-corona, but those data are selective observations during dynamic
states which cannot be accurately represented on the Carrington magnetic maps.
The concept of using a 3-D global coronal model to aid in evaluating FR data was extended
in Chapter 5, where it was illustrated how the analysis parameters and scaling lengths could be
estimated using the large scale coronal 3-D magnetic structure. A modest magnetic field strength
scaling factor of 1.2 was needed to bring the CCMC field solutions in line with estimates from
FR observations using the MESSENGER 2009 data (DW3). For analysis of the MESSENGER
2013 data (Chapter5), the 1.2x scale-up was applied to the CCMC magnetic field strengths, again
with reasonably good match to the results obtained from the FR observations. The utility of this
method will be strengthened by analysis of further data, but for now it appears that the good
agreement obtained is related to two factors: the close-in region probed by the radio signal is
not so far from the photospheric magnetic field source boundary used in the CCMC model, and
the use of CCMC magnetic field structural information to determine an effective integration path
length, which helps to scale the results accurately.
The coronal magnetic field is central to organization and dynamics of the plasma and MHD
wave energy. Magnetic field analysis from the deepest coronal FR observations yet, as close as SO
1.6 R⊙, was presented in this work. While only a small scaling factor was required to link CCMC
model estimates of magnetic field intensity to those from the mid-coronal FR measurements in the
present work, prior FR studies in the extended corona relied on simple sector boundary models
that required larger corrections to match the observations with generalized magnetic field strength
power-law models (Le Chat et al., 2014, Kooi et al., 2014, Ingleby et al., 2007). Incorporation
of coronal MHD models into FR analysis should lead to more accurate results and advance our
understanding of coronal energy transport.
Overall, this research program demonstrates that the low-latitude mid-corona includes inhomo-
geneous structuring, with non-radial and asymmetric magnetic fields. Accordingly, the findings
suggest a range of Alfvén speeds and MHD wave energies coexist in the mid-corona. Additional
publications from the investigations to date are planned; the frequency fluctuation analysis on
Akatsuki spacecraft observations (Figure 6.3) is being prepared presently and the results on mag-
netic field strengths and Alfvén wave energies in Chapter 5 will be next. Future research may
include a broad observing campaign to accumulate data from multiple sites and solar activity
levels to confirm and extend the foundation developed in the core publications. The Parker Solar
Probe mission, currently underway, could provide extended science opportunities in the form of
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coronal radio sensing using the methods developed in this thesis. As mentioned earlier, the opera-
tional planning for this is already underway.2 Also, much further investigation is needed to refine
the models: correlative work is warranted to evaluate to relation between magnetic structuring, as
evident in coronographs and by 3-D coronal models, and the trans-coronal radio measurements.
As additional analyses are conducted, a more complete picture of the challenging mid-coronal
magnetic landscape will emerge, allowing MHD wave-heating and other mechanisms to be more
thoroughly evaluated.
2The team involved includes project leader Elizabeth Jensen (Planetary Science Institute), Carl Heiles (Univer-
sity of California Berkeley, Charles Naudet (JPL/NASA), Tom Kuiper (JPL) and myself. Administrative support
has been issued by system manager Stephen Lichten (Interplanetary Network Directorate, JPL).
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A
Symbols and Physical Constants
In the solar literature, equations and results are often presented in centimeter-gram-second units.
To promote standardization with other areas of physics, I have developed the research in SI
(meter-kilogram-second basis) units.
B magnetic field vector Tesla (T), or kg s−2 A−1 in SI base units
B∥ magnetic field component parallel to LOS Tesla (T)
ν fluctuation frequency Hz (s−1)
f0 radio frequency Hz (s−1)
λ radio wavelength m
ω angular frequency radians sec−1
ϕ angle or rotation radians
χ polarization position angle radians
ne electron number density m−3
Ne electron column density m−2
n index of refraction unitless
c vacuum speed of light 2.998x108 ms−1
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e elementary electric charge 1.602x10−19 C
ϵ0 permittivity of space 8.8542x10−12 C2 N−1 m−2
µ0 permeability of space 1.2566x10−6 m kg−2 A−2
me mass of electron 9.1094x10−31kg
mp mass of proton 1.6726 x 10−27kg
re classical electron radius 2.8179 x 10−15m
ρ density kg m−3
FR Faraday rotation radians
FRF Farady rotation fluctuations radians
FF frequency fluctuations Hz
RCP right circular polarization
LCP left circular polarization
LOS line-of-sight m
TEC total electron content m−2
R⊙ solar radius 6.955x109 m
SO solar offset as radii R⊙ units
R solar offset as distance m
r solar offset as R/R⊙ unitless
RM rotation measure radians m−2
FM frequency (fluctuation) measure Hz m−1
σ2i variance of parameter i fluctuation
σi RMS of parameter i fluctuation
LLOS correlation length m
LRAD radial fluctuation length m
VA Alfvén speed m s−1
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B
Stokes Parameters and Determination of
Polarization Position Angle
A circularly polarized radio signal may be considered a rotating wave vector in the complex plane.
By Euler’s theorem, the rotating signal may be described as a complex sinusoid (Figure B.1).
A purely circularly polarized wave may be designated right-(RCP) or left-handed (LCP) and
has no plane of polarization. The RCP wave rotates counterclockwise (right hand fingers curved)
for propagation towards the observer (to whom thumb points), with angular frequency ωR. Phase
angle ϕR(t) = ωRt, and the simple case RCP complex wave may be notated
RCP (t) = cos(ϕR(t)) + i sin(ϕR(t)) = e
iϕR . (B.1)
Similarly the LCP complex wave, rotating in the opposite sense with angular frequency ωL and
phase ϕL(t) = ωLt, is
LCP (t) = cos(ϕL(t)) + i sin(ϕL(t)) = e
iϕL . (B.2)
Multiplication of RCP by the complex conjugate of LCP waves produces a linearly polarized
wave whose axis constitutes the plane of polarization:
cos(ϕR − ϕL) + i sin(ϕR − ϕL) = ei(ϕR−ϕL) (B.3)
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Figure B.1: The vector is repesented in the complex plane and may be notated as a complex exponential in accor-
dance with Euler’s relation.
https://commons.wikimedia.org/w/index.php?curid=821342; retrieved 26 Mar 2016.)
or, more compactly,
eiϕRe−iϕL = ei(ϕR−ϕL) (B.4)
The difference in phase between RCP and LCP determines the position angle of the polarization
plane. When the phase velocities (i.e. dϕ
dt
, which is angular frequency ω) of RCP and LCP are
equal, the phase difference between them remains constant and the plane of polarization is fixed,
but when they are unequal, the plane will turn thus rotating the position angle. The net rotation of
the polarization plane is one half the phase difference ϕR−ϕL, a consequence of simply adding the
two vectors which have rotated away from each other. Faraday rotation (FR) occurs because of a
differential change in refractive index 1. The refractive index of RCP is smaller when propagating
with an aligned magnetic field component, making the phase velocity greater. LCP behaves in an
opposite but asymmetric manner in this magnetic field, so the phase velocity is lower. Therefore,
FR has a positive value (polarization plane rotating according to right-hand rule) when the wave
propagates along the line-of-sight (LOS) towards the observer with an aligned positve magnetic
field component.
Here I clarify that the following convention is being used: a positive LOS-aligned magnetic
1n = cv , where n is the index of refraction, c is the vacuum speed of light and v is the phase velocity of the
propagating wave
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field component is directed towards the terrestrial observer, and would produce a positive FR
corresponding to the polarization position angle rotating counterclockwise as viewed on Earth
in accordance with the right-hand rule. There is potential confusion in defining polarity of the
LOS-aligned magnetic fields since in solar physics it is customary to denote a magnetic field line
outwardly directed from the solar surface as being positive. An outwardly directed solar magnetic
field may produce both positive and negative components on the LOS, depending on the orientation
of the field relative to the LOS. This definition for a positive B component on the LOS follows the
convention of pulsar radio astronomers, in which a positive magnetic field vector points towards
the observer and produces a positive rotation measure. It must be noted that this is opposite to
official IEEE and IAU conventions, for which a positive field points away from the observer.
To obtain the FR, as well as other signal parameters like total intensity and fraction of linear
polarization, the primary RCP and LCP data streams are analyzed to produce Stokes parameters.
The Stokes parameters are measures of spectral power which essentially act as a basis set for the
combined RCP and LCP signals. The RCP signal may be designated in the complex spectrum
as ZR = eiϕR and that of LCP is ZL = eiϕL . Power products are calculated as ⟨ZRZ∗R⟩, ⟨ZLZ∗L⟩
and cross-spectrum ⟨ZRZ∗L⟩, where the asterisk denotes the complex conjugate. From these power
products, the Stokes parameters I,V ,Q and U are calculated:
I = ⟨ZRZ∗R⟩+ ⟨ZLZ∗L⟩ (B.5)
V = ⟨ZRZ∗R⟩ − ⟨ZLZ∗L⟩ (B.6)
Q = 2real⟨ZRZ∗L⟩ (B.7)
U = −2imag⟨ZRZ∗L⟩ (B.8)
Signal power is Stokes I (total intensity) and Stokes V is the circular polarization. Stokes V is
zero when the power products are equal, which is the case when pure linear polarization exists.
The opposite extreme is when the magnitudes of V and I are equal, which implies ⟨ZRZ∗R⟩ or
⟨ZRZ∗R⟩ is zero, so the wave exhibits pure circular polarization. Further information on Stokes
parameters and conventions may be found in Hamaker and Bregman (1996) and Heiles (2002).








The Faraday rotation is determined by concatenating the series of polarization position angles,
using an unwrap function to overcome ambiguity arising from angle progression beyond the π
radians limit for a single rotation. A sample of analysed data from the MESSENGER 2009
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Figure B.2: Faraday rotation from MESSENGER spacecraft radio observations, 10 Nov 2009.
The polarization position angle, χ, is plotted every second over 3600 seconds of observations, as
the signal crossed the corona at closest solar approach as shown in the lower horizontal axis. A
slow downtrend in position angle is noted, with FR fluctuations superimposed. Here the position
angle is arbitrarily set to zero at the beginning of the interval. The native results are in orange
dots and the results with 1:2:3:2:1 running weighted smooth routine applied is shown in red. The
data reduction and plot were accomplished using code developed by the author (with grateful
acknowledgment to Dr. Juha Vierinen, formerly of MIT Haystack Observatory, for the initial
guidance in the software development and signal processing).
observing campaign is shown in Figure B.2.
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C
Derivation of the Frequency-Shift Equation
The derivation provided here will show how the time rate of change in electron column density
(or Total Electron Content, TEC) relates to shift in the observed frequency of a radio wave
propagating through the plasma.
Let us begin with the Vierinen et al. (2014) equation 5 for the oscillating electric field:






noting that ωt is the number of radians that would have passed by time t, but it is lowered
by ω times the integral (computes to seconds) which provides the atmospheric plasma correction
to the phase velocity. Phase velocity vph is defined as cn where n is the index of refraction. The
integral is carried out over line of sight (LOS), which is the ray path length from transmitter to
receiver. The LOS increment is dS.
In terms of phase ϕ of the oscillating field in relation to the index of refraction n, the expression
can be written as





Since the system is tuned to the center radio-frequency ω, the difference in phase between the
original transmitted signal and the received signal is
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The index of refraction n for a radio signal propagating through a simple unmagnetized plasma

















Assuming ω2 ≫ ω2pl we now invoke a first order Taylor expansion to simplify:




Substituting this expression the equation for ∆ϕ, we arrive at a modified Vierinen equation
(11), simplified here by removing from their right-hand side third term (tropospheric correction)
to get







where S is length of the ray path from transmitter to receiver and a= e2
2ϵ0mec
.
The first right-hand term is the Doppler contribution from relative motion between the space-
craft transmitter and the Earth receiving station.
Frequency f in Hz is related to angular frequency ω as 2πf = ω, and frequency is related to
phase as 2πf = d
dt







Applying this to equation C.8 above yields
















1This is the simplest version of the Appleton-Lassen equation, setting the damping term to zero, which enacts
a collisionless model, and the magnetic term to zero, which assumes the radio frequency ≫ electron gyrofrequency.
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Now specifying the components in constant a, converting ω to radio center frequency f0 and
















This gives a slightly reformatted version of the relationship presented in Jensen et al. (2016). I
have consistently used frequency ν rather than a mix of ν and ω. I define the Doppler shift to
a lower frequency to be a negative ∆f value, achieved using a minus in front of d
dt
S where the
change in length is positive for motion away from the observer.
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